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ABSTRACT
As regulations for nitrogen oxide (NOx) emissions continue to be tightened, the
need for both alternative fuels and intensive exhaust after-treatment will increase. nButanol as an alternative fuel has demonstrated the potential to reduce both NOx and
particulate matter (PM) emissions, simultaneously. The use of n-butanol in a compression
ignition (CI) engine was studied on an engine test bench, at low and medium load.
Engine-out NOx emissions were reduced with the application of exhaust gas recirculation
(EGR), although, they were not low enough to meet emission regulations, indicating that
further NOx reduction in the exhaust would be required. Lean NOx trap (LNT)
experiments were conducted on an after-treatment flow bench using simulated exhaust
conditions. n-Butanol proved to be a more effective reductant than diesel for regeneration
at 3% exhaust oxygen concentration, due to a higher hydrogen production, although at
0% exhaust oxygen concentration, diesel was slightly more effective than n-butanol. The
long breathing n-butanol LNT strategy of this work proved to be capable of reducing the
fuel penalty associated with an LNT by nearly 90% compared to the conventional LNT
operating schemes, while simultaneously achieving ultra-low NOx emissions.
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CH 1: INTRODUCTION

CHAPTER 1: INTRODUCTION
1.1

Motivation
Each year, global automotive consumers’ demands consistently challenge

automotive engineers and suppliers to devote extensive time on the research of an
efficient, cost effective, and environmentally friendly means of transportation. Currently,
the most common fuels used in modern on-road vehicles are liquid carbon based fossil
fuels such as diesel and gasoline. Compression ignition (CI) diesel engines are typically
highly fuel efficient compared to spark ignition (SI) gasoline engines, due to their high
compression ratios and lean air fuel operation [1]. Internal combustion engines (ICEs),
however, produce harmful exhaust pollutants that can be damaging to both the
environment and human health. These exhaust pollutants include: carbon dioxide (CO2),
oxides of nitrogen (NOx), particulate matter (PM), carbon monoxide (CO), and unburned
hydrocarbons (UHC).
In order to minimize the overall quantity of harmful pollutants emitted from ICE
vehicles, government bodies such as the United States Environmental Protection Agency
(EPA) and the California Air Resources Board (CARB) have implemented exhaust
emission regulations for gasoline and diesel engines for various automotive applications.
Over the past several decades, exhaust emission limits have drastically reduced, in
particular NOx and PM tailpipe emissions in heavy-duty diesel (HDD) vehicles. The
trend of the reduction of NOx and PM allowed in heavy-duty diesel vehicles from 1988 to
2017 is displayed in Figure 1.1. NOx emissions allowed in heavy-duty diesel exhaust has
reduced from 14.3 g/kW·hr in 1988 to 0.268 g/kW·hr in 2007 [2]; a 98.1% total reduction
over 19 years.
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Figure 1.1 – EPA Heavy-Duty Diesel Emission Standards [2]
Regulated NOx emissions include both nitrogen dioxide (NO2), and nitrogen
monoxide (NO), which can readily oxidize into NO2 in the atmosphere [3]. The pollutant
NO2 can react with various compounds in the air to produce acid rain, which can damage
forests and cause lakes and streams to become acidic, and smog, which can lead to lung
damage and reduction in lung function in humans [4].
In conventional direct injection (DI) diesel engine operation, diffusion
combustion typically dominates for the heterogeneous in-cylinder charge, which can lead
to high temperature locally stoichiometric and fuel rich zones that contribute to NOx and
PM formation. Lean operations of DI diesel engines, however, provide abundant oxygen
within the cylinder, which assists in oxidizing a portion of the PM formed. The formation
of NOx is accelerated at high temperatures (i.e. ~2000°C and above), which may occur
when the flame site is not adequately lean or diluted. Abundant oxygen in the exhaust
also makes it difficult to reduce NOx back into inert N2 gas. Because of the conventional
operation of diesel engines, NOx emission reduction can be quite challenging, and
meeting current EPA emission regulations often requires both in-cylinder and exhaust
2
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after-treatment NOx reductions. With CARB’s implementation of the “Mobile Source
Strategy” in the state of California, NOx emission standards can potentially reduce by up
to another 80% within the next 15 years, indicating that more intensive NOx reduction
from gasoline and diesel vehicles will be required in the future [5, 6].
Aside from NOx emissions, the EPA also plans to enforce regulations on
greenhouse gas (GHG) emissions for heavy-duty diesel vehicles, beginning in the year
2021 [7]. These GHG emissions include carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O). Since CO2 is inherently formed during hydrocarbon fuel
combustion, the amount of CO2 produced will be proportional to the amount of fuel
burned. Therefore, CO2 emissions are governed via a vehicle’s fuel economy, and thus
regulated by corporate average fuel economy (CAFE) standards.
In order to meet current and future emission regulations, automotive
manufacturers are required to implement numerous emission reduction strategies. The
emission reduction strategies most commonly used in modern vehicles can be divided
into two categories: in-cylinder, and exhaust after-treatment. The focus of this research is
on the reduction of NOx emissions, so the strategies relating to NOx reduction will be
specifically emphasized in the following sections.
1.2

In-Cylinder Emission Reduction
During combustion, the formation of regulated pollutants is inevitable. If,

however, the combustion strategy or in-cylinder mixture is altered, the concentration of
various emissions can be affected. The in-cylinder emission reduction strategies include:
exhaust gas recirculation (EGR), advanced injection strategies, and the use of alternative
fuels such as biofuels or oxygenated fuels.

3

CH 1: INTRODUCTION

The application of EGR can reduce the intake oxygen concentration as well as
increase the specific heat capacity of the in-cylinder charge by recirculating a portion of
the exhaust gas back into the cylinder. This, in turn, can lower the peak in-cylinder
temperature, thus reducing the formation of NOx [8]. This however, reduces the
concentration of oxygen available for PM oxidation. The impact of EGR on NOx and PM
emissions is displayed in Figure 1.2. The trade-off between NOx and PM is welldocumented and is often referred to as “slope 1”. As the amount of EGR increases
further, the ignition delay generally increases due to a lack of oxygen, which can result in
more premixed combustion thereby suppressing the formation of PM; this is referred to
as “slope 2”. This region of simultaneously low NOx and PM is referred to as low
temperature combustion (LTC), which may eventually lower the flame temperature to
~1500°C.

4
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Although various researchers have reported the LTC phenomenon at extensive
load and operating conditions [9-11], its implementation in commercial vehicles has been
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limited due to high intake pressure requirements (in order to compensate for the EGR
incurred oxygen shortfall), controllability difficulties, as well as an increase in CO and
UHC emissions, indicating a reduction in combustion efficiency [12].
Advanced injection strategies may also be used to reduce exhaust emissions [13].
The main objective of advanced injection strategies, such as the addition of pilot
injections, is to enhance the in-cylinder mixing. An early pilot injection can increase the
quantity of premixed combustion, thereby reducing PM emissions. In addition,
homogenous charge compression ignition (HCCI) combustion can be achieved through
the use of multiple injections, during the compression stroke, resulting in simultaneously
low NOx and soot emissions. HCCI combustion however can reduce the engine’s
operating range and result in a reduced combustion efficiency [14].
Another way to alter the in-cylinder combustion is to use alternative fuels. The
volumetric energy density of various fuels used in ICEs is given in Figure 1.3.
Compressed gases such as H2 and compressed natural gas (CNG) have proven to allow
low NOx combustion through operation in slightly modified ICEs [15, 16]. However,
they have a low volumetric energy density, and the fuel storage is a significant challenge.
Dimethyl-ether (DME), liquid natural gas (LNG), and liquefied petroleum gas (LPG) also
require complex fuel storage systems as they are not naturally liquids at standard
temperature and pressure. Additionally, a number of different fuels have been produced
from biomass sources for use in ICEs. Ethanol has been successfully used in SI engines
since the mid-19th century [17]. Due to recent regulations and mandates by the EPA, over
90% of all gasoline sold in the US is blended with a minimum of 10% ethanol [18].
Because of ethanol’s high volatility and poor lubricity, it is typically deemed unsuitable

5
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for high pressure injections and therefore not traditionally used in CI diesel engines.
Biodiesel and normal-butanol (n-butanol), however, have a higher potential for use in CI
engines. Biodiesel is commercially available in many oil-seed producing states as B20
(20:80 biodiesel:diesel fuel blend). n-Butanol is not currently commercially available for
use as a fuel for on-road vehicles, although its use in CI engines has been extensively
investigated [19-22]. n-Butanol is a four carbon straight chain alcohol fuel that can be
produced from biomass sources such as sugar cane, corn, or algae [23]. Compared to
diesel, n-butanol has a lower volumetric energy density (30 MJ/L compared to ~43 MJ/L
for diesel). Due to the relatively high kinematic viscosity of n-butanol compared to other
alcohol fuels, it can be directly introduced into a diesel engine with minimal alteration
(i.e. the addition of a lubricity improver). An added benefit involved with the use of
biomass derived n-butanol is that it could potentially have near zero net CO2 emissions
since the biomass sources have previously absorbed CO2 throughout their life cycle [24,
25].

Figure 1.3 – Volumetric Energy Density of Various Energy Sources [26]
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A comparison of some chemical and physical properties of n-butanol and diesel is
given in Table 1.1. The main chemical properties of n-butanol that directly affect the
products of combustion are: the heat of vaporization, the cetane number, and the oxygen
content. n-Butanol has a higher heat of vaporization than diesel. This means that more
energy must be absorbed from the in-cylinder charge in order to evaporate the fuel. This
may result in a lower combustion temperature, which can help to reduce the formation of
NOx. The cetane number of a fuel is inversely proportional to ignition delay. Since nbutanol has a lower cetane number than diesel fuel, it will therefore produce a longer
ignition delay. This can result in better in-cylinder mixing and thus reduce PM emissions.
The oxygen content of n-butanol can also help to supress the PM formation.
Table 1.1 – Various Fuel Properties of Diesel and n-Butanol

Formula
Density (kg/m3)
Oxygen Mass (%)
Cetane Number
LHV (MJ/L)
Qevaporation (kJ/kg)
Boiling Point (°C)

Diesel
CnH1.8n
858
0
43
36.2
316.6
246 - 388

n-Butanol
C4H10O
810
21.6
17 - 25
29
595
117.5

Remarks
Benefit PM oxidation
Inversely proportional to ignition delay
Lower energy output compared to diesel
Reduce combustion temperature
Enhance Mixing

Currently, DI in-cylinder combustion strategies alone are not enough to reduce
emissions below EPA standards at all engine operating conditions. For this reason,
exhaust after-treatment is required on on-road vehicles to further reduce emissions.
Exhaust after-treatment is also expected to be required even with the use of alternative
fuels.

7
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1.3

Exhaust After-treatment
Although in-cylinder emission reduction strategies, such as EGR, are often used

in conventional vehicles, reducing engine-out emissions below EPA regulations for a
wide range of conditions can be especially challenging. Therefore, further treatment of
the exhaust gas is required before it can be released from the vehicle’s tailpipe. This is
often achieved with the use of exhaust filters and/or catalysts. Conventional SI engines,
for example, use a three-way catalyst (TWC) to alternately oxidize CO, and UHC into
CO2 and H2O, and reduce NOx into N2 [27]. Due to the inherent lean operation of diesel
engines, the concentration of oxygen in diesel engine exhaust is much higher than in
conventional SI engines, and therefore, a TWC cannot be employed as an effective
emission reduction catalyst in diesel vehicles. Instead, the reduction of various emissions
is required through multiple filters and catalytic converters rather than just one catalyst.
These after-treatment devices include: diesel particulate filter (DPF), diesel oxidation
catalyst (DOC), selective catalytic reduction (SCR) catalyst, and lean NOx trap (LNT)
catalyst.
1.3.1

Diesel Particulate Filter
A diesel particulate filter (DPF) is an exhaust after-treatment device that is used to

trap and oxidize PM. The most common type of DPF that is employed in modern diesel
engines is made from wall-flow ceramic cordierite. Figure 1.4 shows a photograph of the
front face of a DPF and a schematic of the cut-out view of a DPF. For these filters,
alternate channels are blocked so that the exhaust gas must flow through the porous
walls, where the larger PM particles are trapped. Eventually the back pressure will
increase and may trigger the stochastic regeneration of the DPF. In the case of active
8
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regeneration, a reductant, typically a hydrocarbon fuel such as diesel is introduced into
the exhaust stream in order to burn the PM that is stored on the DPF. For this active
regeneration, a supplemental fuel injection is required, and can therefore result in a fuel
penalty.

Exhaust
Gas
Soot Free
Exhaust Gas
Figure 1.4 – DPF Front Face and Cut-out View Schematic
1.3.2

Diesel Oxidation Catalyst
A diesel oxidation catalyst (DOC) is a flow through catalyst that actively oxidizes

CO and UHC into CO2 and H2O. Modern DOCs typically feature a ceramic honeycomb
monolith, as shown in Figure 1.5, coated with a precious metal substrate that acts as a
catalyst during oxidation reactions. Due to the generally high exhaust oxygen
concentrations of conventional diesel engines, there is usually sufficient oxygen for the
oxidation reactions to occur within the DOC catalyst.

Figure 1.5 – Photograph of a Portion of a Diesel Oxidation Catalyst
9
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1.3.3

Selective Catalytic Reduction Catalyst
A selective catalytic reduction (SCR) catalyst is a NOx reduction catalyst

commonly found in present heavy-duty diesel engines. For these devices, a ceramic
honeycomb monolith is coated in a base metal oxide catalyst such as vanadium,
molybdenum, or tungsten. In principle, the stoichiometric chemical reaction for the
reduction of NO2 over the SCR catalyst is given in Equation 1.1.
2NO2

4NH3

O2 →

3N2

6H2 O

(Equation 1.1)

Since ammonia (NH3) is generally the active reductant for selective NOx
reduction, a constant supply of ammonia, in accordance with the concentration of NOx in
the exhaust, is required. In an on-vehicle application, ammonia storage is challenging. In
practice, a water-urea (67.5% deionized water, 32.5% (NH2)2CO) mixture is introduced
into the exhaust stream prior to the catalyst. This water-urea mixture, referred to in the
industry as diesel exhaust fluid (DEF), is then converted into ammonia and CO2
(Equation 1.2). The ammonia then reduces the NOx emissions over the SCR catalyst into
N2 and H2O, through a number of chemical reaction schemes.
NH2 CO
2

H2 O →

2NH3

CO2

(Equation 1.2)

There are a number of challenges involved with the use of an SCR catalyst. Some
types of zeolite based catalysts demonstrate deactivation in the presence of steam, which
can be found in diesel exhaust [28]. Silver aluminum oxide (Ag-Al2O3) SCR catalysts can
utilize HCs as a reductant, thereby eliminating the need for an external reductant such as
urea; however, they are more sensitive to temperature than zeolite or vanadium SCR
catalysts [29]. Classic SCR catalytic systems have certain issues such as the storage of
urea, difficulty in control, and packaging. The storage and availability of the water-urea
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mixture within a vehicle becomes difficult under low environment temperatures as this
mixture has a freezing point of -11°C. In order to eliminate this challenge, a heater is
often installed in the urea storage tank. Since transient engine operation can result in
rapid fluctuations of engine-out NOx concentrations, the concentration of ammonia
supplied can potentially be insufficient or in excess. Excess ammonia can readily be
converted into NOx, so an ammonia slip catalyst is often required downstream of the SCR
catalyst. This creates an issue with the packaging of an SCR after-treatment system
especially in light-duty diesel vehicles.
1.3.4

Lean NOx Trap Catalyst
The lean NOx trap (LNT) catalyst is another device used for NOx reduction in

diesel and lean burn gasoline vehicles. Other widely used names for an LNT are: NOx
adsorber catalyst, deNOx trap, NOx storage catalyst, or NOx storage/reduction (NSR)
catalyst. The main function of an LNT catalyst is to store and subsequently reduce NOx
into N2 gas by periodically cycling between lean and rich exhaust conditions. An LNT is
typically a monolithic ceramic substrate coated in a high surface area refractory oxide
washcoat, such as aluminum oxide (Al2O3), with an alkali- or alkaline-earth metal oxide
adsorber, and precious metal catalysts that may facilitate the redox reactions required for
operation of the LNT. One of the most common formulations of an LNT features
platinum (Pt), with barium oxide (BaO) supported on Al2O3. This type of LNT is often
referred to as a Pt/Ba/Al2O3 LNT. The LNT catalyst is similar in external appearance to
the DOC shown in Figure 1.5.
During typical exhaust conditions, the bulk exhaust gas flows through the
channels of the monolithic substrate, and the NOx and reducing agents in the exhaust gas
11
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react in the presence of the catalysts on the washcoat. The LNT catalyst reduces NOx
through periodic cycling of two modes of operation: lean adsorption and rich
regeneration.
The lean adsorption takes place during lean exhaust conditions. This is also
referred to as the storage period. During the storage period, NO molecules are oxidized
over a platinum catalyst (Equation 1.3), and stored on the barium oxide adsorbent as
barium nitrate (Ba(NO3)2) as shown in Equation 1.4 [30]. The storage process is shown in
Figure 1.6.
1

NO + 2 O2 →
3NO + BaO →

NOx
O2
CO2
H2O

NO2
Ba NO3

(Equation 1.3)

2

+ NO

(Equation 1.4)

NOx
O2
CO2
H2O

NO + ½O2

NO2

Pt

NO3

Ba
Al2O3

Figure 1.6 – LNT Adsorption Process. Adapted from [31]
The NOx storage capacity of an LNT is limited, and reduces as the number of
BaO sites available for NOx storage reduces. After a specified saturation of the LNT
catalyst is achieved, the rich regeneration period must begin.
Usually, the regeneration of an LNT requires a fuel rich and oxygen deficient
environment. The reductant for LNT regeneration is typically introduced on conventional
vehicles through an injection of fuel into the exhaust, or a post combustion in-cylinder
injection. The regeneration triggers the release of NOx and consequently reduces the NOx
12
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into N2 through various chemical mechanisms that can be summarized by Equation 1.5 –
Equation 1.8. The regeneration process is shown in Figure 1.7.
5C1H1.8 + 2.9Ba NO3 2 →
8H2 + Ba NO3 2 →
8CO + Ba NO3

2

4.5H2O + 5CO2+2.9BaO +2.9N2

(Equation 1.5)

2NH3+ BaO + 5H2O
3H2O →

1 NH3+3Ba NO3 2 →

Pt

(Equation 1.6)

2NH3+ BaO + 8CO2

(Equation 1.7)

8N2 + 3BaO +15H2O

(Equation 1.8)

HC, H2, CO, NH3

NOx
N2
CO2
N2O
NH3

NOx
CO2
CO
H2O
HC

NO3

NOx, N2, CO2,
N2O, NH3
Pt

Ba
Al2O3

Figure 1.7 – LNT Regeneration Process. Adapted from [31]
Conventional LNT operates by continuously cycling between lean adsorption and
rich regeneration. Since a supplementary fuel, or equivalent, is required for the
regeneration, a fuel penalty is associated with the LNT. For this reason, the use of an
LNT in conventional diesel vehicles is limited. A more detailed study of LNT catalyst
operation is provided in Chapter 2.
An additional advantage of an LNT catalyst is its H2 reforming characteristics.
Since a precious metal catalyst is often coated on the LNT washcoat, H2 can be produced
through various chemical reactions [30]. These H2 reforming reactions will be elaborated
on in Chapter 2.
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1.4

Long Breathing Lean NOx Trap Strategy
In typical on-vehicle LNT operation, the adsorption period could be about one

minute long and the regeneration period could be around 5-10 seconds [30]. A long
breathing LNT features a long adsorption period, basing on a conventional LNT flow
bed. Diesel engine-out NOx emissions can be as high as 1000 ppm, under conventional
high temperature combustion [1], and can quickly saturate an LNT, requiring frequent
regenerations. However, if the engine-out NOx emissions can be reduced to 100 ppm or
lower, by lowering the in-cylinder flame temperature, the adsorption period can be
significantly longer, while still maintaining a low concentration of outlet NOx throughout
the adsorption phase [32]. A concentration of 100 ppm engine-out NOx is an achievable
target for various engine load levels, and would still meet current emission standards at
high load even if the storage efficiency of the LNT was low (i.e. below 70%). The
advantage of a long breathing LNT strategy is, since the adsorption phase is longer, the
time between regenerations will therefore be longer. Assuming that a low pressure
injection of the same quantity of fuel is used for each regeneration period, this will
therefore reduce the fuel penalty associated with a long breathing LNT, compared to a
conventional LNT. The latter would require a regeneration every minute or so, depending
on the engine load and speed. A conceptual diagram of the long breathing lean NOx trap
concept compared to the conventional operation of an LNT is shown in Figure 1.8.
Conventional LNT

Adsorption
Regeneration

Long Breathing LNT

Time

Figure 1.8 – Conventional LNT vs. Long Breathing LNT
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In order to achieve low engine-out NOx emissions, an in-cylinder strategy, such as
EGR, must be applied. If however, EGR is the in-cylinder strategy used to reduce NOx,
the PM emissions may increase because of the NOx-soot trade-off. Due to the operation
of the DPF, high PM emissions can possibly result in a fuel penalty due to an increase in
the exhaust back pressure and necessity for frequent DPF regenerations [33]. For this
reason, an indicated engine-out PM limit of 0.036 g/kW∙hr was used for this research, in
order to minimize the required DPF filtration efficiency to meet current and proposed
future regulations. Although the filtration efficiency of a conventional DPF can be as
high as 98%, the DPF tolerance limit selected for this study would still satisfy the current
regulations with a much lower DPF filtration efficiency (i.e. below 70%). Thus, engineout emissions may be classified within the long breathing region if NOx emissions are at
or below 100 ppm and PM emissions are at or below 0.036 g/kW∙hr.
1.5

Objectives of this Research
Previously, LNT after-treatment systems had been studied extensively both on an

independent flow bench, as well as coupled to an engine exhaust system [34-56],
however have only been used sparingly in on-vehicle applications due to their associated
fuel penalty and sometimes inconsistent conversion efficiency. As NOx emission
regulations in CI engines continue to tighten, the use of biofuels in CI engines may be
identified as a viable option for NOx reduction. Many different adsorption and
regeneration strategies for LNT NOx reduction have been extensively reported in
literature [34-56]; whereas the use of an alternative fuel such as n-butanol to regenerate
an LNT catalyst for potential application in CI engine systems has not been extensively
tested. The study of n-butanol post-injection has been initiated to reveal the possibility of
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incorporating an LNT device in the exhaust [34]; however, the actual regeneration of the
LNT using n-butanol has not been reported. Park et al [35] investigated the use of DME
in an after-treatment system featuring an LNT and a H2 reforming catalyst; although,
according to the author’s search, no other literature was found featuring a reductant other
than propene (C3H6), CO, H2, or diesel as a reductant for LNT regeneration. Thus, the
main objective of this study is to investigate the use of n-butanol as a reductant in an
LNT after-treatment catalyst, mainly the release and conversion of NOx, as well as the H2
reforming characteristics. The secondary objective of this study is to reduce the fuel
penalty associated with an LNT by applying a long breathing strategy through the
combination of EGR and n-butanol DI combustion. The strategy that is proposed in this
research is summarized in Figure 1.9.
n-Butanol Combustion +

• Low PM emissions
• Low net CO2 emissions

Exhaust Gas Recirculation

+

• Lower engine-out
NOx emissions

• Long adsorption period
• Infrequent regeneration
• Reduced fuel penalty

Lean NOx Trap

Figure 1.9 – Proposed Strategy for Reduced PM, NOx, and Fuel Penalty
This study is divided into three parts. The first part of the study focuses on engine
tests conducted in order to achieve long breathing LNT exhaust conditions; and
subsequently, flow bench tests focusing on the schemes of the LNT for these engine-out
NOx conditions. Engine tests involved the application of EGR in a DI n-butanol CI
engine at various engine loads. The second part of the study is to observe the hydrogen
generation with n-butanol or diesel on the after-treatment flow bench. The final portion
focuses on the regeneration of the LNT. Regeneration was carried out with both diesel
16
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and n-butanol fuel. The flow-bench tests were conducted in different phases to study the
storage characteristics of the LNT, the H2 reforming capability of the LNT, as well as the
regeneration of the LNT, individually.
1.6

Structure of the Thesis

The structure of the thesis is as follows:
Chapter 1 is an introduction to CI diesel engine emissions and the current and future
emission control strategies.
Chapter 2 is a detailed description of the current state of LNT research and an
introduction to H2 reforming to aid LNT regeneration.
Chapter 3 is a description of the experimental setup at the Clean Combustion Engine
Laboratory (CCEL). A detailed breakdown of the engine dynamometer setup and the
after-treatment flow bench setup is provided in this chapter.
Chapter 4 elaborates on the engine test results with n-butanol and diesel fuel in the single
cylinder research engine at the CCEL. The engine test conditions were recreated on the
after-treatment flow bench in order to validate the adsorption concept of the LNT.
Chapter 5 discusses the H2 generation within the after-treatment flow bench setup using
diesel and n-butanol injections into the exhaust stream.
Chapter 6 explains the results from the after-treatment flow bench tests focusing on the
regeneration of an LNT catalyst with different gas compositions, and a comparison of
diesel and n-butanol as a reductant.
Chapter 7 summarizes the main conclusions of this thesis and provides recommendations
for future studies.
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CHAPTER 2: LEAN NOX TRAP CATALYSTS
The LNT catalyst has proven to be an effective NOx reduction after-treatment
device in lean burn diesel engines; however, due to strict CAFE standards, has only been
used sparingly in automotive diesel vehicles. It has been relatively phased out due to the
increasing popularity of the SCR catalyst, and the wide availability of DEF. The LNT has
two main modes of operation: lean NOx adsorption, and regeneration. This chapter
provides a review on the status of LNT research, along with some qualitative analyses.
2.1

Lean NOx Adsorption
The removal of NOx emissions from the exhaust during lean exhaust conditions is

one of the most attractive operational advantages of the LNT catalyst. The chemical
mechanisms involved with NOx storage are well established in literature. Throughout the
storage period, the adsorption sites will eventually become occupied, and the NOx
concentration downstream of the LNT (NOx slip) will gradually increase, eventually
triggering the need for regeneration. The efficiency of the lean NOx storage is greatly
affected by the exhaust temperature, exhaust gas composition, storage duration, and the
LNT catalyst material [36-40].
Mazhoul et al [36] investigated the NOx storage characteristics of multiple
Pt/BaO/Al2O3 catalysts, with various formulations, under different gas concentrations on
an after-treatment flow bench. The storage capacity of each LNT was increased as the
oxygen concentration in the feed gas increased from 0% to 3%. There was no noticeable
effect as the oxygen concentration increased above 3%. The maximum storage capacity
was achieved for each catalyst at 350°C. High Ba and Pt density LNT formulations also
resulted in a high NOx storage capacity.
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Svedberg et al [37] compared the NOx storage at low temperatures in different
types of LNT catalysts. Results showed that effective NOx storage was achieved at
temperatures as low as 100°C in a Pt/BaO/Al2O3 LNT, while the removal of BaO, and the
addition of ceria (CeO2) reduced the storage capacity. It was also found that H2O did not
significantly affect the NOx storage performance.
Lindholm et al [38] investigated the effect of H2O and CO2 on the NOx storage in
a Pt based LNT. Three different LNT catalysts were tested: Pt/BaO/Al2O3, Pt/Al2O3, and
Pt/Silicon (Si), in a flow reactor. The Pt/BaO/Al2O3 catalyst exhibited the greatest storage
capacity of the LNTs tested. H2O and CO2 had a negative effect on the storage of NOx in
all the catalysts tested at temperatures of 200°C and 400°C, and a minimal reduction in
storage capacity at temperatures of around 300°C. CO2 had a greater effect than H2O on
the Pt/BaO/Al2O3 LNT tested.
Various adsorption phase durations have also been reported in literature. Jeftić et
al [39] experimented with various NOx feed rates into an LNT catalyst on an aftertreatment flow bench. A NOx feed rate of 110 ppm took 11.3 minutes until a NOx
concentration of 20 ppm downstream of the LNT was observed, while a NOx feed rate of
50 ppm took over 50 minutes to reach the same slip downstream. This strategy
effectively reduced the LNT fuel penalty below 1%. Abdulhamid et al [40] experimented
with a 40 minute adsorption period with 500 ppm NOx and used a 5 minute regeneration
with H2, CO, or C3H6; thereby after only 4 minutes of adsorption, the NOx concentration
downstream exceeded 400 ppm, indicating a low storage efficiency.
In classical LNT operations, the adsorption period is followed by a transition into
rich exhaust conditions, to begin the regeneration of the LNT catalyst.
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2.2

LNT Regeneration
In conventional LNT systems, a fuel rich regeneration period is produced through

the addition of hydrocarbons in the exhaust. These fuel rich conditions are typically
produced by (1) an in-cylinder post injection or (2) a low pressure fuel injection into the
exhaust stream. Depending on driving conditions, the rich regeneration period is on
average 5-10 seconds. The purpose of the regeneration is to release the NOx that was
stored on the LNT during the adsorption period, and subsequently reduce it to N2. Since
the release and reduction of NOx occur simultaneously, they are difficult to decouple, and
thus a portion of NOx slip is usually observed at the onset of the regeneration period, as
shown conceptually in Figure 2.1. By reducing the total NOx slip, the conversion of NOx

NOx Concentration

into N2 may potentially be improved.

Lean NOx
Storage

Inlet NOx
Outlet NOx

Rich NOx
Release

Time

Figure 2.1 – Conceptual Diagram of LNT Periodic Operation – Adapted from [30]
The chemical reaction route by which NOx is released and reduced during LNT
regeneration is less understood than the NOx storage mechanisms that take place during
adsorption. The release of NOx has generally been attributed to: an increase in
temperature due to reductant oxidation, which causes a reduction in stability of surface
nitrates [41, 42]; a shift in equilibrium due to a lack of oxygen [43]; and the presence of
20

CH 2: LEAN NOX TRAP CATALYSTS

CO2, which can form barium carbonate (Ba(CO3)2) species in place of surface nitrates
[44]. The reaction route of the conversion of NOx into N2 is typically summarized by
Equation 1.5 – Equation 1.8. The general process of NOx reduction during LNT
regeneration is shown conceptually in Figure 2.2, and can be summarized by the main
pathways initially proposed by Clayton et al [45]:
1. Reductant releases NOx and directly reduces it to nitrous oxide (N2O) and N2
2. Reductant reacts with released and stored NOx to form NH3 which reacts in the
following ways:
a. NH3 reacts with released and stored NOx to form N2 and N2O
b. NH3 is oxidized to produce N2, N2O, and NO
c. NH3 decomposes to N2 and H2, or is released downstream of the catalyst

Stored NO3
Regeneration

N2, N2O, NOx

NH3
Decomposition

NOx
N2 ,
N2 O

O2

N2,
H2

N2,
N2O,
NO

Figure 2.2 – NOx Reduction Pathways in an LNT – Adapted from [46]
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This reaction pathway indicates the existence of a regeneration front that
propagates along the LNT flow bed during regeneration. Since NH3 is utilized for NOx
reduction, it is usually observed downstream of the catalyst after the initial peak in NO
and N2O, simultaneously with reductant breakthrough. More detail into the chemical
reactions can be found in literature [47-49].
Many factors, such as gas composition, reductant type, and regeneration duration
can affect the conversion and selectivity of LNT regeneration. Jozsa et al [50] compared
the effectiveness of regeneration using different reductants such as CO, C3H6, and H2.
The amount of NOx released during the regeneration was compared using 0.18% C3H6,
1.6% CO, or 1.6% H2, with 5% CO2 and balance N2. The mass of NOx stored remained
constant for each test, and the storage was conducted at three temperatures of 60, 80 and
100°C. The regeneration using H2 as the reductant proved to have the lowest quantity of
NOx released, and also provided the greatest reduction to N2, especially at low
temperatures.
Poulston et al [51] investigated the use of H2 or CO as a NOx reduction agent in
an LNT in combination with C3H6. The storage phase was maintained constant, and the
storage efficiency was compared following each regeneration. The H2 regeneration was
much more effective at regenerating the LNT, evidenced by a high storage efficiency
following regeneration. It was also demonstrated that a high concentration of H 2 with N2
balance was not completely effective at regenerating the catalyst, and only when a more
representative engine-out exhaust mixture was used, including CO2, was the regeneration
highly effective.
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Wang et al [46] investigated the effect of regeneration conditions on the
conversion of NOx into N2, NH3, and N2O during regeneration of a Pt-Rh/BaO/Al2O3
LNT. Results showed that with CO and H2 as the reductant, selectivity to NH3 increased
with increasing regeneration duration, reductant quantity, and space velocity. With C 3H6
as a reductant the selectivity to NH3 increased with increasing temperature. This
relationship was assumed to be due to the steam reforming reaction, as the NH3 increased
with increasing H2 generation.
Kong et al [52] used a dual LNT exhaust system on a heavy-duty diesel engine
test setup. The after-treatment system featured a diesel reformer upstream of the dual
LNT system which would produce an H2 rich gas for regeneration. The dual LNT system
featured a switch valve allowing for one LNT to regenerate while the other LNT would
continue with the adsorption of NOx. The H2 regeneration results were compared with
regeneration using a low pressure diesel injection into the exhaust. H2 regeneration
proved to out-perform diesel regeneration resulting in a higher conversion efficiency as
well as a reduced associated fuel penalty.
Park et al [35] utilized a combined H2 reformer and LNT catalyst system to study
the NOx reduction capabilities of DME. A 5 second rich period of 0.7% DME, 5% H2O,
and 5% CO was able to produce significant H2, which increased with increasing
temperature, and resulted in NOx conversion of 80% through a copper Al2O3 LNT. When
the reformer was removed the conversion of NOx was less than 60%.
Although the rich regeneration is conventionally around 5 seconds, a number of
researchers have experimented with both short regeneration periods [54], and long
regenerations periods [55, 56]. Yuejin et al [54] investigated the effect of various
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lean/rich durations on the conversion of NOx in an LNT. Results demonstrated that at
temperatures between 250-400°C, there was a strong relationship between the NOx
conversion and the balance of lean/rich timing. Longer adsorption times resulted in a
reduced NOx conversion unless the rich time was also increased. The results were
repeated with CO and H2, where the same trend was observed, although the CO reductant
regeneration achieved the best performance.
2.3

On-Board Hydrogen Generation
Although H2 can benefit LNT regeneration, it may be difficult to supply H2 to an

on-vehicle after-treatment application. H2 can be stored on a vehicle as a compressed gas
in a gas cylinder, or as a liquid in a cryogenic storage tank. H2 can also be found in small
concentrations in the engine-out exhaust gas.

Engine conditions that result in H2

emissions can also result in high UHC emissions, which may also benefit LNT
regeneration; however, these conditions generally result in a reduced combustion
efficiency [57]. Another attractive way to supply H2 to an on-board after-treatment
system is through H2 reforming within the exhaust.
Generation of hydrogen is a well-established industrial process and has the
potential to occur over precious metal catalysts [30]. Hydrogen can be produced through
various chemical reactions such as: partial oxidation (POx), steam reforming (SR),
autothermal reforming (ATR), dry reforming (DR), and the water gas shift (WGS)
reaction.
Partial oxidation of diesel fuel yields carbon monoxide and hydrogen gas as
shown in Equation 2.1. It is an exothermic reaction that typically produces temperatures
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above 1200°C, although this temperature can be reduced to around 800 - 900°C when a
catalyst is used.
C1 H1.8 + .5O2 →

CO + .9H2

(Equation 2.1)

Partial oxidation of an oxygenated hydrocarbon will also result in CO and H2, as
shown with n-butanol in Equation 2.2. Although POx of n-butanol is still exothermic, it is
slightly less exothermic than diesel [58, 59]. The partial oxidation of diesel fuel or nbutanol is not considered to be efficient because it is an exothermic process, and the
resulting H2 produced has a lower volumetric energy density than the fuel used for partial
oxidation [60].
C4 H1 O + 1.5O2 →

4CO + 5H2

(Equation 2.2)

The steam reforming reaction has been extensively studied and used in industrial
practice. SR results in H2 and CO being produced when a hydrocarbon fuel reacts with
high temperature steam. This chemical reaction is shown with diesel in Equation 2.3. The
potential H2 yield is greater for steam reforming than partial oxidation.
C1 H1.8 + H2 O→

CO + 1.9H2

(Equation 2.3)

The efficiency of the SR reaction can potentially be favourable if abundant
oxygen is present in the exhaust. The oxidation of hydrocarbons is inherently exothermic,
and thus the heat of combustion may be used to promote the SR reaction. Although the
process is still endothermic, steam reforming of oxygenated hydrocarbons can occur at
much lower temperatures compared to diesel fuel. SR of n-butanol, for instance, can
occur at temperatures as low as 200°C, compared to for diesel at 500°C [61]. The SR
reaction of n-butanol is given in Equation 2.4.
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C

O + 3H2 O→

4CO + 8H2

(Equation 2.4)

Autothermal reforming is a combination of partial oxidation and steam reforming.
The exothermic partial oxidation reaction produces the energy required for steam
reforming resulting in a net overall exothermic reaction. Since this reaction is a
combination of POx and SR, a hydrocarbon, such as diesel fuel, reacts with both oxygen
and high temperature steam to produce CO and H2, as shown in Equation 2.5. If oxygen
is unavailable, this reaction will become the steam reforming reaction, and if high
temperature steam is not available, this reaction will become partial oxidation. Ideally,
the products CO and H2 should be prevented from burning.
C1 H1.8 +

H2 O +

O2 →

CO +

H2

(Equation 2.5)

Limited research is available on the ATR of n-butanol (Equation 2.6); however,
the reaction has been utilized at temperatures as low as 500°C over a rhodium (Rh)
catalyst [62], while diesel is less effective at temperatures below 700°C on an Rh catalyst
[63].
C4 H1 O + H2 O + O2 →

CO + H2

(Equation 2.6)

Another H2 generating chemical reaction involving a hydrocarbon fuel is the dry
reforming reaction. This reaction yields CO and H2 from a hydrocarbon and CO2
(Equation 2.7). This reaction is endothermic and thus requires an input of energy. The
DR reaction of n-butanol is given in Equation 2.8.
C H

+ CO2 → 2CO +

C4 H1 O + 3CO2 →

H2

(Equation 2.7)

7CO + 5H2

(Equation 2.8)
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The final hydrogen generation reaction that will be discussed in this thesis is the
water gas shift reaction. This reaction does not involve a HC fuel. Instead, CO and high
temperature steam react to form H2 and CO2. This reaction is shown in Equation 2.9.
CO + H2 O→

CO2 + H2

(Equation 2.9)

It may be noticed that for each of the H2 reforming reactions, n-butanol produces
a slightly higher yield of H2 per mole of carbon. This is because n-butanol has a higher
gravimetric content of H2 (13.5 wt%) compared to diesel (13.35 wt%). It has also been
shown that the activation energy required to break the carbon-carbon (C-C) bond in
oxygenated hydrocarbons is lower than that required for alkanes [64]. Thus it appears that
n-butanol may have better qualities for H2 generation in a precious metal catalyst.
In summary, the LNT has proven to be an effective catalyst for NOx reduction in
CI engine vehicles. The materials of the LNT as well as the operating temperature both
have a major effect on the storage, release and reduction of NOx. The gas composition
and the type of reductant used also play a major role on the conversion of NOx. H2 has
proven to be one of the most effective reductants for LNT regeneration; however it has
also shown to increase the selectivity to undesired products of regeneration such as N2O,
and NH3. Thus, the H2 reforming characteristics of an LNT can improve the performance
of an LNT, but can also reduce the conversion efficiency. This study therefore intends to
investigate the effect of n-butanol as a reductant on H2 reforming and LNT regeneration,
as well as attempts to improve the reduced storage efficiency associated with long
adsorption periods.
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CHAPTER 3: EXPERIMENTAL SETUP
This chapter will describe the setups for the experiments conducted for this
research. Engine tests and after-treatment flow bench tests were conducted separately on
independent test setups. The main purpose of the engine tests was to identify exhaust gas
compositions at various engine operating conditions. These exhaust gas compositions
were then simulated on the after-treatment flow bench.
3.1

Engine Test Setup
Engine tests were conducted on a 4-cylinder, 4-stroke Ford Duratorq diesel engine

converted into a single cylinder engine with the three remaining cylinders used for
motoring. The engine is connected to an eddy current dynamometer. The specifications
for this engine are listed in Table 3.1 and a schematic of the engine test bench is shown in
Figure 3.1. The intake pressure was supplied via an external air compressor. An optical
high precision encoder is mounted on the engine crank and is used to determine the crank
position and angular velocity. The encoder resolution is 0.1°CA. The research engine is
equipped with a high pressure common rail fuel injection system using a solenoid injector
mounted in the cylinder head. The common rail pressure, injection timing, and injection
duration of the fuel were controlled by an independent real-time controller with
embedded field-programmable gate arrays (FPGA). This injection system is capable of
using either diesel or n-butanol with an added lubricity improver. In-house built
algorithms operating on a LabVIEW 2010 software interface were used to control
injection events. Four EFS IPoD solenoid injector drivers were used to drive the DI
injectors of the engine. The exhaust gas from the research cylinder is routed through a
diesel oxidation catalyst and into the exhaust gas surge tank. An exhaust backpressure
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valve along with an EGR valve were used to control the flow of EGR which is cooled
and introduced into the intake, downstream of the intake surge tank.
Table 3.1 – Test Engine Specifications
1998 cm3

Displacement Volume
Bore x Stroke

86 mm x 86 mm

Compression Ratio

18.2:1

Maximum Cylinder Pressure
Injection System

180 bar
DI Common Rail

Maximum Injection Pressure

~1600 bar

Figure 3.1 – Schematic of Engine Test Setup
Gas sampling is implemented on the engine immediately before the intake
manifold and immediately after the exhaust manifold. A heated pump draws the intake
and exhaust sampling gas to an in-house built conditioning unit featuring a heated filter
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and chiller unit in order to remove any PM or water particles from the gas. The sample
gas is then fed to a dual-bank emission analyzer system, which was instrumented for this
engine and is displayed in Figure 3.2. One bank is for the exhaust emissions (NOx, UHC,
CO, CO2, O2), and the other bank is used to measure the intake gas concentration (NOx,
CO2, O2). The O2 is measured with a paramagnetic oxygen detector; CO and CO2 are
measured with nondispersive infrared (NDIR) detectors; NOx is measured with a
chemiluminescence detector (CLD); UHC concentration is measured with a heated flame
ionization detector (HFID); and the smoke concentration is measured with an AVL 415S
smoke meter which indicates the smoke emissions by filter smoke number (FSN). Further
details of the engine test setup are provided in [65].

Figure 3.2 – California Analytical Instruments Dual Bank Analyzers
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3.2

After-treatment Flow Bench Setup
After-treatment tests were performed on an off-engine flow bench used to

simulate engine exhaust conditions. The LNT catalyst used for flow bench experiments
featured a BaO washcoat with a CeO2 catalyst promoter and a Pt catalyst, on an Al2O3
support. A scanning electron microscope image produced from a local laboratory shows
the LNT surface washcoat in Figure 3.3. The LNT catalyst was purchased from
Volkswagen, and had a diameter of 144 mm and a length of 152 mm. The cell density of
the LNT catalyst is 625 cells per square inch. For proper installation in the after-treatment
flow bench, a 2-inch diameter sample was cut from the LNT. The DOC monolith used for
flow bench tests was the same size as the LNT, and both had a volume of 0.234 L. The
catalysts were wrapped in a thermal insulating ceramic fibre mat, and placed in separate 2
inch diameter stainless steel pipes installed on the flow bench.

LNT

Pt

BaO

Al2O3

Figure 3.3 – Scanning Electron Microscope Image of LNT Catalyst
The schematic diagram of the after-treatment flow bench is given in Figure 3.4.
Four pressurized Praxair gas bottles supplied NO, CO, CO2, and N2 directly to the inlet of
the flow bench. The flow was controlled through multiple pressure regulators to provide
specific concentrations, and steady flow to the flow bench. Compressed air from a
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pressure regulated air line was supplied to an Environics Series 2000 Multi-Component
Gas Mixer to regulate flow as well as control the oxygen concentration. The gas mixer
was connected to a Windows 7 personal computer (PC) through an RS232 serial
connection. An open source terminal emulation program called “Tera Term” was used to
control the gas mixer. More information on the operation of the Environics Gas Mixer is
available in Appendix A. The flow rate of air was varied and the N2 gas supply pressure
was increased or decreased accordingly in order to adjust the oxygen concentration. A
low concentration of oxygen was essential for fuel-rich regeneration of the LNT. A
Leister LE 10000s Electric Hot Air Tool heater, capable of achieving outlet gas
temperatures up to 650°C, was used to heat the gaseous flow. A Bosch model
0281002619 mass air flow (MAF) sensor was installed upstream of the heater for a
secondary measurement of the mass flow rate. All catalyst canisters featured four Omega
K-type thermocouples evenly spaced apart.

Figure 3.4 – Schematic of the After-treatment Flow Bench

32

CH 3: EXPERIMENTAL SETUP

Fuel and water were supplied to the flow-bench using two low pressure solenoid
pintle type 4-hole injectors that were mounted on stainless steel sections on the flow
bench. An encompassing water cooled jacket was fabricated around each of the injectors
in order to prevent damage to the sealing o-rings from the heat of the gas flowing through
the flow bench. In-house built pump carts were used to supply water and diesel or nbutanol to the injectors at a constant pressure of 2.5 bar gauge. A photograph of the flow
bench setup complete with the water and fuel pump carts is shown in Figure 3.5.

MAF
Gas Divider
Heater
Water
Pump Cart
Water
Injection

DOC

Fuel
Pump Cart

Upstream
Sampling

LNT

Fuel Injection

Downstream Sampling

Figure 3.5 – After-treatment Flow Bench Photograph

33

CH 3: EXPERIMENTAL SETUP

Measurement data from the flow bench tests were collected using a National
Instruments (NI) PCI 6220 data acquisition card. Signals harvested from thermocouples
were transmitted to an NI SCXI-1102 thermocouple module through an NI SCXI-1303
terminal block. The NI SCXI-1102 thermocouple module has 32 analog-channels for
thermocouple reading acquisition. An SCXI-1302 module was used to acquire the
measurement from a MAF sensor. The transfer function for the MAF sensor was obtained
from the manufacturer’s datasheet to convert the measured voltage signal (V) to mass
flow rate (g/s).
The user interface for data sampling and injection control was developed under
the LabVIEW 2010 programming environment and is shown in Figure 3.6.

Figure 3.6 – After-treatment Control LabVIEW Front Panel
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The user interface provides temperature information sampled from various
thermocouples, the mass air flow rate from the MAF sensor, and emission measurement
from the CAI emission analyzers. The program also supports real-time control of the
injectors mounted on the after-treatment test bench. In this study, the injection pressure
was maintained constant at 2.5 bar gauge. The injection command signal was generated
as a pulse-width modulation (PWM) signal. The length, frequency, and duty cycle of the
PWM signal can be controlled by the user so as to organize the quantity of water or
reductant desired for various test conditions. The injection command was sent from the
host personal computer (PC) to an NI PXI-8110 real-time computer. Based on the
received instructions, an NI PXI-7853R FPGA module, which was connected to the realtime computer through a PXI communication protocol, generated the desired PWM
control signal. The injection signal was then sent to an in-house built injector driver
circuit. For the H2 reforming and the LNT regeneration tests, the total PWM command
signal duration and the signal frequency were set to 30 seconds, and 10 Hz, respectively,
amounting to 300 total injections per 30 seconds. In order to vary the quantity of injected
reductant, the duty cycle of the reductant injection signal was varied from 1% to 7%,
corresponding to pulse widths of 1 ms and 7 ms, respectively (Figure 3.7).
7ms

300 (30 s) = 2.4 g injection

1ms

300 (30 s) = 0.2 g injection
100 ms

Figure 3.7 – PWM Signal Representation
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Gas sampling was available upstream and downstream of the LNT catalyst as
shown in Figure 3.4. The sample gas was then fed to the CAI dual-bank emission
analyzer bench shown in Figure 3.2. A MKS 2030-HS Fourier transform infrared (FTIR)
spectrometer (Figure 3.8) and a V&F Q7000 hydrogen analyzer (Figure 3.9) were also
utilized for downstream measurement of H2, NH3, N2O, NOx, and UHCs.

Figure 3.8 – MKS Fourier Transform Infrared Spectrometer

Figure 3.9 – V&F H-Sense Hydrogen Analyzer
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CHAPTER 4: ENGINE TEST AND ADSORPTION FLOW BENCH RESULTS
This portion of the thesis pertains to engine test experiments and after-treatment
adsorption flow bench tests. The engine experiments were conducted in order to collect a
baseline for the exhaust makeup at targeted engine operating conditions, as well as to test
the achievable engine-out NOx levels of diesel and n-butanol combustion. As was
previously mentioned, the application of EGR can reduce the concentration of engine-out
NOx emissions, thereby lengthening the adsorption period of an LNT, and reducing the
fuel penalty associated with the LNT. The engine test conditions are outlined in Table
4.1. EPA emission regulations are enforced on a brake-specific basis; however, this
chapter reports emission levels on an indicated basis, and thus a lower indicated emission
level could be required to satisfy the regulations.
Table 4.1 – Engine Test Conditions
Test
1
2
3
4

Fuel

Intake Pressure pinj Target IMEP Intake O2 CA50
(bar absolute) (bar)
(bar)
(%)
(°CA)
Diesel
2.0
1200
6.0
11-18.5
364
n-Butanol
2.0
900
6.0
21
364
Diesel
1.9
1400
10.0
13.5-19.5
369
n-Butanol
2.0
900
10.0
14.9-18
369

For the following engine test results, the engine load was defined using indicated
mean effective pressure (IMEP) given in Equation 4.1, where p is the cylinder pressure,
V is the cylinder volume, and VS is the total piston swept volume. For this study, a low
engine load was defined between 0-6.9 bar, a moderate engine load was defined between
7-11.9 bar, and a high engine load was defined as 12 bar and above.
IMEP

1
VS

∮ pdV

(Equation 4.1)
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4.1

Low Load Engine Tests
Engine tests were performed on a single cylinder research engine at the Clean

Combustion Engine Laboratory at the University of Windsor, in order to see the effect of
EGR on NOx and PM emissions at low and medium load levels. The specifications for
this engine can be found in Table 3.1. The first engine test was conducted at a low
engine load of 6.0 bar IMEP using diesel as a fuel. In order to achieve this load level, the
commanded injection duration was 465 μs and a constant injection pressure of 1200 bar
was used. The injection timing was varied in order to maintain CA50 (50% mass fraction
of fuel burned) at 364°CA, as this was the best efficiency case for these testing
conditions. The intake pressure was boosted to 2.0 bar absolute. The engine speed was
1500 rpm. The NOx and PM emissions throughout the EGR sweep for the diesel engine
test are shown in Figure 4.1. The 100 ppm long breathing NOx emission target is marked
by the red dashed line.

400
NOx (ppm)

0.16

DI Diesel
IMEP = 6.0 bar
pinj = 1200 bar
Boost = 2.0 bar abs
CA50 = 364 CA

300

0.12
0.08

200
NOx

PM

100
0

0.04

PM (g/kW·hr)

500

0
10

12

14
16
Intake O2 (%)

18

20

Figure 4.1 – Low Load Diesel EGR Sweep NOx and PM Emissions
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Initially, at a minimal EGR level, the engine-out NOx was almost 500 ppm. With
increasing EGR and decreasing intake O2 concentration, the NOx emissions gradually
reduced, eventually to below 100 ppm at around 15.5% intake O2. This resulted in an
indicated NOx level of 0.24 g/kW·hr, only marginally meeting the current EPA standard.
PM emissions followed the opposite trend to NOx, as was expected. Initially, PM levels
were minimal, below the current EPA regulation; however, as the EGR ratio was further
increased, the NOx emissions continued to decrease, while the PM emissions increased.
This was evidence of the well-documented NOx-soot trade-off. Therefore, although the
NOx emissions continued to decrease, as low as 30 ppm when the intake O2 concentration
was reduced below 13%, the indicated PM emissions increased to more than 0.1 g/kW·hr.
This exceeded the set DPF tolerance limit of 0.036 g/kW·hr and would thereby increase
the fuel penalty associated with the DPF. Thus this condition produced emissions outside
the range of feasible long breathing LNT application.
The next engine test was conducted with n-butanol as the DI fuel. Because of nbutanol’s high viscosity, it could be fully implemented in a conventional diesel engine
with minimal alteration. For this engine, a lubricity improver was added to the n-butanol
fuel so that the fuel delivery system would be adequately lubricated. In order to achieve a
low load of 6.0 bar IMEP, a single direct injection of n-butanol was used with an
injection pressure of 900 bar. The combustion phasing was maintained so that the CA50
occurred at 364°CA. Intake pressure and speed of the engine were 2.0 bar absolute, and
1500 rpm, respectively. For this load, EGR was not necessary as at 21% intake O 2
concentration, the NOx was already well below the long breathing engine-out target of
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100 ppm, about 34 ppm, while PM emissions were negligible. This amounted to an
indicated NOx level of just 0.09 g/kW·hr, well below the current standard.
Therefore, both diesel and n-butanol were able to achieve low engine-out NOx
emissions at low engine load as shown in Figure 4.2. n-Butanol was able to achieve
below 100 ppm without the application of EGR. PM emissions were also very low
(below the AVL 415S smoke meter was able to measure) for n-butanol, and thus would
not require further filtration in the exhaust. It was also found that although the application
of EGR pushed diesel engine-out NOx emissions into the long breathing region, excessive
application of EGR increased the PM emissions beyond the DPF tolerance limit, thereby
moving the engine-out conditions outside of the long breathing LNT region.
0.12

Diesel 6.0 bar IMEP

PM (g/kW·hr)

0.1

n-Butanol 6.0 bar IMEP

Long Breathing NOx Limit

0.08

0.06

Long Breathing LNT Region

0.04

DPF Tolerance Limit

0.02
0
0

100

200

300
NOx (ppm)

400

500

600

Figure 4.2 – Long Breathing LNT Region for Low Load Diesel and n-Butanol
4.2

Medium Load Engine Tests
The purpose of the next set of tests was to examine the engine-out NOx emissions

with an increase in the engine load for both diesel and n-butanol. Typically, to increase
the engine load, the fuel injected per cycle must be increased. In order to increase the
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quantity of fuel injected for the engine test with diesel, the injection duration was
increased from 465 μs, at low load, to 6

μs. The injection pressure was also increased

to 1400 bar. The combustion phasing was retarded from 364°CA to 369°CA. The engine
speed was maintained at 1500 rpm, and the intake pressure was 1.9 bar absolute. Figure
4.3 shows the NOx and PM emissions of an EGR sweep with intake O2 concentration
reduced from 19.5% to 13.5%.

800

NOx (ppm)

0.25

DI Diesel
IMEP = 10.0 bar
pinj = 1200 bar
Boost = 1.9 bar abs
CA50 = 369 CA

600
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Figure 4.3 – Diesel EGR Sweep NOx and PM emissions
At about 19.5% intake O2, with minimal EGR application, the NOx emissions
were fairly high, above 800 ppm. With decreasing intake O2 concentration, the NOx
emissions slowly reduced, eventually reaching below 500 ppm once the concentration of
intake O2 was below 18%. The NOx emissions did not reduce below the long breathing
LNT engine-out NOx limit until approximately 14.5% intake O2. This was in contrast to
the low load diesel case, where NOx emissions were below 100 ppm at 15.5% intake O2.
Initially, indicated PM emissions were below the EPA regulation, until 500 ppm NOx was
reached, and then the PM began to increase above the regulated limit. The NOx-soot
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trade-off was clearly evident, as PM increased while NOx decreased, as the intake O2
concentration decreased. For a DPF tolerance limit of 0.036 g/kW·hr, the lowest engineout NOx achievable was about 200 ppm, for this engine load and injection parameters.
Therefore, the long breathing LNT region was not achievable at medium load with DI
diesel, for the tested engine conditions. Other fueling strategies could be viable for
engine-out emission reduction during medium load diesel combustion but were beyond
the scope of this research.
In order to verify the effect of EGR on the reduction of NOx emissions with nbutanol fuel, engine tests were conducted with DI n-butanol at a medium load level. In
order to maintain a load level of 10 bar IMEP, multiple injections were required, so as to
reduce the pressure rise rate associated with n-butanol combustion. Combustion phasing
of 369°CA CA50 was maintained. The timing for the two injections was 343°CA and
362°CA at an injection pressure of 900 bar. The intake pressure was 2.0 bar absolute. The
engine speed was 1500 rpm. The NOx and PM emissions throughout the n-butanol EGR
sweep are shown in Figure 4.4.
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Figure 4.4 – n-Butanol EGR Sweep NOx and PM Emissions
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n-Butanol combustion showed the same trend as diesel, in that the NOx emissions
reduced with decreasing intake O2 concentration; however, the initial NOx exhaust
emissions at the low EGR case were much lower than diesel at the same intake O2
concentration. This was again partly due to the higher heat of vaporization of n-butanol
fuel, resulting in a lower peak in-cylinder temperature, and thus suppressing the
formation of NOx emissions. Although NOx emissions were much lower than the diesel
case for these test conditions, they were still not low enough to satisfy the EPA emission
regulations, unlike the low load n-butanol test. Thus EGR was required to further reduce
NOx into the long breathing region. The NOx soot trade-off was evident in the n-butanol
EGR sweep for these test conditions; however, due to the oxygen content in the n-butanol
fuel, as well as the relatively longer ignition delay, PM emissions were still relatively
low. The PM emissions were low enough to meet the previously set DPF tolerance limit
throughout the EGR sweep as well as the EPA regulated limit throughout most of the
EGR sweep, thereby potentially eliminating the need for regeneration or resulting in
infrequent regenerations of the DPF during these conditions. As the intake O2
concentration was reduced, CO and UHC emissions tended to increase. This was
especially evident with n-butanol fuel, and indicated a decrease in combustion efficiency;
however, the main focus of these engine tests was to decrease NOx and PM. CO and
UHC emissions can be easily oxidized in the exhaust with the use of a DOC.
4.3

Summary of Engine Test Results
For the specified engine testing conditions, both n-butanol and diesel DI

combustion were able to achieve long breathing engine-out NOx emission levels at a low
load of 6.0 bar, while only n-butanol DI combustion was able to satisfy the long

43

CH 4: ENGINE TEST AND ADSORPTION FLOW BENCH RESULTS

breathing condition at a medium load of 10.0 bar. The limiting factor for the medium
load diesel case was the PM emissions. In order to achieve long breathing LNT exhaust
conditions, the DPF tolerance limit of 0.036 g/kW·hr engine-out PM must be satisfied.
Because of n-butanol fuel’s characteristically long ignition delay, better in-cylinder
mixing was usually expected, even at a lower injection pressure. The oxygen content in
n-butanol also helped the oxidation of PM emissions.
Figure 4.5 shows the overall trend of NOx and PM emissions for the engine
results conducted for this study. Each test resulted in an engine-out NOx level below 100
ppm, however the intake O2 concentration required and the PM emissions were different.
Diesel 6.0 bar IMEP
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Figure 4.5 – Long Breathing LNT Region for Overall Engine Test Results
For the low load n-butanol case, the intake O2 concentration was 21% and the PM
emission level was negligible. For the low load diesel case, the engine-out NOx reached
100 ppm at an intake O2 concentration of 15.5%, which resulted in indicated PM
emissions of 0.0132 g/kW·hr, which is right around the current EPA emission standard
for PM allowed in heavy-duty diesel vehicles. The medium load n-butanol case reached
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100 ppm at a higher intake O2 compared to both diesel cases. An intake O2 concentration
of 16.6% resulted in a NOx level of 90 ppm and an indicated PM level of 0.0035
g/kW·hr, for n-butanol combustion at 10.0 bar IMEP. Although the medium load diesel
case was not suitable for the long breathing region, the NOx was still reduced to below
100 ppm. However, only at a threshold of 14.7% intake O2 did the NOx emissions reduce
below 100 ppm, by far the highest amount of EGR of all the test conditions. At this point
PM emissions exceeded 0.1 g/kW·hr, which would require a DPF filtration efficiency of
almost 90%, and thus an increased fuel penalty would be required to regenerate the DPF.
These results are summarized in Table 4.2.
Table 4.2 – Overall Engine Test Results Summary
Test Condition
Diesel Low Load
n-Butanol Low Load
Diesel Medium Load
n-Butanol Medium Load

4.4

Target IMEP
(bar)
6.0
6.0
10.0
10.0

Intake O2 NOx
(%)
(ppm)
15.5
88
21.0
34
14.7
99
16.6
90

Indicated PM
(g/kW·hr)
0.0132
~0
0.1029
0.0035

After-treatment Flow Bench Storage Tests
The purpose of the next portion of tests was to validate the lean NOx trap

adsorption concept. An off-engine exhaust flow-bench fitted with two low pressure liquid
injectors and a DOC and LNT converter was used for these tests. Detailed schematic and
specifications of this setup can be found in Chapter 3. The volume of the LNT catalyst
used in the flow-bench was 0.234 L. Preliminary experiments, conducted by the author,
determined that a NOx loading of 0.85 g/L of LNT was the maximum suitable amount of
NOx until the regeneration would require a significantly higher amount of reductant. This
amounted to a mass of 0.2 g of total NOx stored on the LNT flow bed.
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For these tests, NOx gas was supplied to the flow bench from a gas bottle with a
concentration of 10% NO, and balance N2. As was mentioned previously, there are two
sequential steps involved in the storage process: First, the oxidation of NO into NO2, and
second, the storage of NO2 on BaO sites as Ba(NO3)2. This overall adsorption process
was given in Equation 1.3 and Equation 1.4. Since, the supply gas was predominantly
NO, the oxidation of NO was required, through the DOC or within the LNT, before
adsorption. The adsorption tests were conducted at steady state conditions, with an
average LNT temperature of 350°C, and an hourly space velocity (HSV) of 80,000 hr-1.
An LNT temperature of 350°C was used because not only did it pertain to the exhaust
temperature of both diesel and n-butanol at medium load, but it has also been reported
that below temperatures of 300°C, the storage capacity of an LNT can reduce and the
storage of less stable barium nitrite (Ba(NO2)2) can dominate, which can reduce the
conversion efficiency during regeneration [66]. CO2 and H2O were not used for the
adsorption tests because they were reported to have no significant effect on the
adsorption characteristics of this type of LNT between 300°C and 400°C [38], and also,
during initial preliminary experiments, displayed no negative effect other than the H2O
having a cooling effect on the catalysts. The O2 concentration was held constant at 21%,
since any concentration of O2 above 3% has no effect on the storage of NOx [36].
In order to determine the frequency of regenerations required for various NOx
concentrations, the NOx inlet concentration was varied for each adsorption phase from 60
to 1000 ppm (60, 100, 200, 300, 500, 750, and 1000). The time from initial NOx dosing
into a freshly regenerated catalyst until a mass of 0.2 g of NOx was stored on the catalyst
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was recorded, and defined as the adsorption time. These test conditions are summarized
in Table 4.3.
Table 4.3 – Adsorption Flow Bench Test Conditions
Test

LNT Temp.

(°C)
350
350
350
350
350
350
350

5

Hourly
Space
Velocity
(hr-1)
80,000
80,000
80,000
80,000
80,000
80,000
80,000

NOx Inlet
Concentration

O2

CO2

H2 O

(ppm)
1000
750
500
300
200
100
60

(%)
21
21
21
21
21
21
21

(%)
0
0
0
0
0
0
0

(%)
0
0
0
0
0
0
0

The adsorption time results collected for each specified inlet concentration are
presented in Figure 4.6. As the NOx inlet concentration decreased, the adsorption time
increased. This was expected as the mass flow rate of NO into the LNT was lower for
lower NOx concentrations since the overall flow rate was maintained.

Adsorption Time (min)

25
LNT Base Temperature: 350°C
LNT HSV: 80,000 hr-1
Regeneration Time: 30 seconds

20
15
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0
0
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400
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Figure 4.6 – Adsorption Time vs. NOx Inlet Concentration

47

1200

CH 4: ENGINE TEST AND ADSORPTION FLOW BENCH RESULTS

As the long breathing region is defined as engine-out NOx concentrations below
100 ppm, the 100 ppm and 60 ppm NO cases were considered to be in the long breathing
region. The 100 ppm inlet concentration resulted in an adsorption time over 11 minutes,
while the 60 ppm inlet concentration case had an adsorption time of about 18 minutes.
As the adsorption time was increased, a reduction in the storage capacity of the
LNT was observed. Depending on the NO inlet concentration, this could potentially
decrease the instantaneous NOx trapping efficiency of the LNT. The definition of the
instantaneous NOx trapping efficiency, by volume or by mole, is given in Equation 4.2,
while the definition of the storage efficiency for an LNT is given in Equation 4.3. The
instantaneous NOx trapping efficiency is the difference between the concentration of NOx
upstream of the catalyst ([NOxin]) and the concentration of NOx downstream of the
catalyst ([NOxout]), divided by [NOxin] at a specified point in time during adsorption. The
storage efficiency is usually observed after the adsorption period is finished, and is the
difference between the total cumulative mass of NOx into the catalyst (mNOx in) and the
total cumulative mass of NOx slip downstream of the catalyst (mNOx

out)

throughout

adsorption, divided by mNOx in.
NOx Trapping Efficiency
Storage Efficiency

NO in
NO out
NO in

mNOx in mNOx out
mNOx in

(Equation 4.2)

(Equation 4.3)

Figure 4.7 shows the NOx upstream of the LNT and NOx downstream of the LNT
throughout the 100 ppm adsorption cycle. It can be seen that throughout the entire
storage period, the concentration of NOx downstream of the LNT, was very low (below 2
ppm). The NOx trapping efficiency was over 98% throughout the adsorption period.
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Total NOx Slip

Figure 4.7 – LNT Adsorption with 100 ppm NOx Inlet Concentration
The 1000 ppm NOx inlet concentration case is shown in Figure 4.8. At initial NOx
dosing, the concentration of NOx slip downstream of the LNT was very low; however,
after approximately 10 seconds, the NOx slip began to rapidly increase, reaching a
maximum NOx slip of 30 ppm by the end of the tested adsorption period. Although the
NOx trapping efficiency reduced, it was still 97% at the end of the adsorption period.

Reduction of NOx Trapping Efficiency

97%

Total NOx Slip

100%

Figure 4.8 – LNT Adsorption with 1000 ppm NOx Inlet Concentration
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The NOx emissions upstream and downstream of the LNT were sampled
throughout the adsorption period for all NOx inlet concentrations tested. Initially, the NOx
downstream of the LNT was very low for all cases, indicating a high instantaneous
trapping efficiency, similar to the 1000 ppm case shown in Figure 4.8. The peak NOx slip
concentration occurred at the end of the adsorption period for each case, and reduced
with reducing NOx inlet concentration, even though the adsorption duration increased.
The 60 ppm case had the lowest peak NOx slip of less than 1.5 ppm.
A summary of the cumulative mass of NOx slip values for the different NOx inlet
concentrations is given in Figure 4.9. As the NO inlet concentration reduced, the
cumulative mass of NOx slip also reduced, even though the total adsorption duration was
longer. The lowest mass of NOx slip was for the 60 ppm NO case, while the greatest mass
of NOx slip was observed at the highest NO inlet concentration tested, 1000 ppm. At low
NOx inlet concentrations, the NOx slip was extremely low throughout the entire
adsorption period, and even below 2 ppm for the 60 ppm case. For every case, the testing
results indicated that the majority of the NOx slip downstream of the LNT throughout the
adsorption period was NO2, sometimes as much as double the concentration of the NO.
This was especially the case at the initiation of the adsorption period.
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Figure 4.9 – Cumulative Mass of NOx Slip vs. NOx Inlet Concentration
The adsorption test results demonstrated that by lowering the engine-out NOx, the
inlet concentration of NOx into the LNT was reduced, thereby increasing the adsorption
time, while maintaining a high storage efficiency above 99%. A reduced inlet NO
concentration also resulted in a longer total adsorption period, thereby requiring less
frequent regenerations, and potentially reducing the fuel penalty associated with the LNT.
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CHAPTER 5: HYDROGEN REFORMING EXPERIMENTAL RESULTS
The presence of hydrogen in the exhaust can greatly benefit the regeneration
characteristics of an LNT. This chapter will focus on the reforming of diesel and nbutanol through an LNT monolith. The conditions for the H2 reforming tests are outlined
in Table 5.1. For these tests, the reductant was injected immediately before the LNT on
the after-treatment flow bench, thus allowing for hydrogen generation through the LNT
monolith. The purpose of these tests was to identify the regeneration conditions, to be
used in Chapter 6, in order to compare the hydrogen reforming characteristics of diesel
and n-butanol through an LNT catalyst, so as to potentially predict which reductant,
diesel or n-butanol, may better suit H2 reforming in an after-treatment system. Tests 6 and
7 aimed to investigate the reforming of H2 in the presence of 3% exhaust oxygen, while
tests 8 and 9 involved H2 reforming with CO in an oxygen deficient environment.
Table 5.1 – Hydrogen Reforming Test Outline
Test

Reductant

6

Diesel

7

n-Butanol

8

Diesel

9

n-Butanol

LNT
Temp
(°C)
350
350
350
350
350
350
350
350
350
350
350
350
350
350
350
350

Hourly
Space
Velocity
(hr-1)
45,000
45,000
45,000
45,000
45,000
45,000
45,000
45,000
50,000
50,000
50,000
50,000
50,000
50,000
50,000
50,000

Total
Inj.
Time
(s)
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
52

Reductant
Quantity

O2

H2 O

CO

(g)
0.2
0.6
1.3
2.4
0.2
0.6
1.3
2.4
0.2
0.6
1.3
2.4
0.2
0.6
1.3
2.4

(%)
3
3
3
3
3
3
3
3
0
0
0
0
0
0
0
0

(%)
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

(%)
0
0
0
0
0
0
0
0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
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Most of the H2 reforming reactions are sensitive to temperature, and the reductant
oxidation in the exhaust during rich conditions can cause significant fluctuations in
temperature. Hence, the temperature of the LNT during H2 reforming was of interest. The
temperatures of the LNT were measured along the central line of the flow bed with four
evenly spaced thermocouples, mounted to the LNT pipe, as shown in Figure 5.1.

Figure 5.1 – LNT Thermocouple Layout
5.1

Hydrogen Generation with 3% Exhaust Oxygen
For the hydrogen generation experiments, a rich mixture was produced in the flow

bench to simulate an LNT regeneration environment, except no NOx was loaded on the
catalyst. The yields of hydrogen from four different injection quantities of n-butanol were
compared to the yields of hydrogen from the same quantities of diesel injected. Because
of the greater hydrogen content of n-butanol as well as the lower activation energy for the
breaking of C-C bonds in oxygenated hydrocarbons, the total H2 yielded from n-butanol
can potentially be greater than diesel. n-Butanol can also experience thermal
decomposition at lower temperatures, producing a higher amount of light hydrocarbons,
which can further react with O2, CO2 or H2O to produce H2.
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The conditions for the H2 generation tests at 3% O2 are shown in Table 5.1 and
the flow bench set-up is given in Figure 3.4. A wide range of test conditions, which were
thought to be suitable for LNT regeneration, were explored. Both tests 6 and 7 were
conducted with a flow of 3% O2 and a balance of N2. The effect of oxygen was of interest
for the H2 reforming tests, and 3% was the lowest achievable oxygen concentration for
this flow bench setup. This gas composition resulted in an average LNT HSV of about
45,000 hr-1. The temperatures of the DOC and LNT as well as the injection pressure of
diesel and n-butanol were kept constant for each test and testing reductant. The total
injection time was 30 seconds for each case. The injection duty cycle commanded was
varied to alter the quantity of reductant injected for each case. To achieve a 6%
concentration of H2O, a 2.5 bar gauge injection of water was utilized upstream of the
DOC and LNT. Tests 6 and 7 each had four data points involving one injection of
reductant. The lowest injected quantity produced a lean mixture, and with each
subsequent increase in injected reductant quantity, the mixture became slightly richer.
The hydrogen generation test results for the 3% exhaust oxygen case are shown in
Figure 5.2. The results showed that with a greater quantity of reductant injected, a greater
mass of hydrogen was produced, for both diesel and n-butanol. By injecting a greater
quantity of reductant, each mixture became richer, allowing for a greater portion of the
reductant injected to be used for hydrogen reforming. At the lowest reductant injection
quantity of 0.2 g, n-butanol produced a peak H2 concentration of about 300 ppm,
resulting in a mass of about 0.3 mg of H2. The same injection quantity of diesel did not
produce any H2. During the oxidation of the 0.2 g of diesel injected, the temperature
increased to about 430°C, which may have been insufficient for the endothermic H2
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reforming reactions to occur with diesel. Although the quantity of H2 yield increased with
diesel and n-butanol injection, the increase was much more pronounced with n-butanol.
With the increase in reductant from injection 3 to injection 4 (1.3 g to 2.4 g), n-butanol
had a much greater increase in the total mass of H2 yield, compared to diesel. This was
also true for the peak concentration produced; diesel had an increase from 3,150 ppm to
3,200 ppm, or about 1.6%, while n-butanol had an increase from 11,500 ppm to 17,500
ppm, about a 50% increase, with the 85% increase in reductant quantity. The richest
mixture of n-butanol yielded over 8 times the total mass of H2 as the richest mixture of
diesel (16.4 mg of H2 from n-butanol, 1.9 mg of H2 from diesel). Thus, in the presence of
3% oxygen, it was observed that by mass, n-butanol produces more H2 than diesel.

Mass of H2 Yield (mg)

20

LNT Temperature: 350 C
Hourly Space Velocity: 45,000 hr-1
Total Inj. Time: 30 sec
Inj. Pressure: 2.5 bar

15
10

Diesel
n-Butanol

5

0
0

0.5
1
1.5
2
Mass of Reductant Injected (g)

2.5

Figure 5.2 – Mass of H2 Yield (3% Exhaust O2)
The gravimetric energy density of n-butanol (33 MJ/kg) is lower than that of
diesel (43 MJ/kg). So, in order to compare the quantity of H2 produced by each reductant,
while taking into account the different energy densities of diesel and n-butanol, the total
mass of H2 yielded per kilojoule (kJ) of reductant injected was of interest. This
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relationship was plotted against the total energy of reductant injected, as shown in Figure
5.3 and Figure 5.4. Because the diesel and n-butanol injections were the same on a mass
basis, the n-butanol not only injected a lower quantity of energy, but also created a leaner
mixture than diesel. For the diesel reductant reforming tests, it was clear that as the
exhaust mixture became richer, the H2 yield per kJ of reductant injected increased,
reaching a maximum value of 0.026 mg/kJ of reductant when a mass of 1.3 g of diesel
(56 kJ) was injected, and then dropping again as the mixture became richer for a 2.4 g
diesel (103 kJ) injection. For the n-butanol reforming tests, the initial increase as the
exhaust mixture became richer was evident, reaching a maximum value of 0.245 mg/kJ
of reductant from the 1.3 g n-butanol (43 kJ) injection, and, similar to the diesel case,
dropping again as the mixture became richer. This showed that n-butanol was much more
efficient at H2 generation, producing nearly ten times the amount of H2 per kJ of

Mass of H2 Yield per kJ of
Reductant (mg/kJ)

reductant.
0.03

0.02

0.01

LNT Temperature: 350 C
Hourly Space Velocity: 45,000 hr-1
Total Inj. Time: 30 sec
Inj. Pressure: 2.5 bar

0
0

20
40
60
80
100
Energy of Reductant Injection (kJ)

Figure 5.3 – H2 Yield per kJ of Diesel (3% Exhaust O2)
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LNT Temperature: 350 C
Hourly Space Velocity: 45,000 hr-1
Total Inj. Time: 30 sec
Inj. Pressure: 2.5 bar
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Figure 5.4 – H2 Yield per kJ of n-Butanol (3% Exhaust O2)
5.2

Hydrogen Generation with 0% Exhaust Oxygen
The presence of oxygen in the exhaust during regeneration can consume a portion

of the injected reductant, thereby reducing the amount of reductant available for H2
generation, NOx release, and NOx reduction. This can therefore result in the need for a
greater quantity of reductant to be injected for efficient regeneration of the LNT, thus
increasing the fuel penalty associated with the overall operation of the LNT. The purpose
of the next set of H2 generation tests was to determine the optimal quantity of reductant
for efficient generation of H2 in the exhaust in the absence of oxygen. One disadvantage
of a lack of oxygen is that combustion in the exhaust will not occur, and therefore the
temperature will not increase, potentially limiting the endothermic H2 reforming
reactions.
The conditions for tests 8 and 9 are shown in Table 5.1. In order to achieve an
oxygen concentration of 0%, N2 gas was used in combination with 1.5% CO. The
addition of CO increased the HSV to about 50,000 hr-1. With a lack of oxygen in the
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exhaust, the majority of CO can be used for the water gas shift reaction (Equation 2.9).
First, in order to verify how much H2 can be produced from just the WGS reaction alone,
a 2.5 bar water injection was added to produce an H2O concentration of 6% within the
exhaust. Preliminary experiments demonstrated that 8000 ppm of H2 was yielded from
just CO and H2O due to the WGS reaction through both the DOC and the LNT, totalling
12 mg of H2. With the absence of O2, CO will not be oxidized into CO2 through the
DOC, potentially decreasing the yield of H2 from the dry reforming reaction. Tests 8 and
9 involved the addition of reductant through a low pressure injection of 2.5 bar for a total
injection time of 30 seconds.
Figure 5.5 and Figure 5.6 show a comparison of peak concentration of H2
generated and the total mass of hydrogen yielded, respectively, for both n-butanol and
diesel. The peak hydrogen produced did not always indicate the greatest production of
total hydrogen yielded throughout the reforming test, because for some cases the peak
was only reached for a short duration. Initially, at the lowest quantity of reductant
injected, diesel produced a higher peak concentration of H2. As the quantity of n-butanol
injection increased, the peak concentration of H2 generated steadily increased, and then
tapered off at the highest reductant injection. This could also be seen as a linear increase
in the mass of hydrogen yielded with reductant injection. The peak H2 yield of diesel was
not much greater than the yield of H2 from the WGS reaction. Since the lack of oxygen
meant minimal or no increase in temperature, many of the endothermic hydrogen
reforming reactions may not have occurred. n-Butanol yielded a greater mass of H2 than
diesel throughout the reductant injection sweep.
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Peak H2 Yield (ppm)
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Figure 5.5 – Peak H2 Yield (0% Exhaust O2)
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Figure 5.6 – Mass of H2 Yield (0% Exhaust O2)
Again, since the mass of reductant injection was the same with tests 8 and 9, a
lower energy of n-butanol was injected. The trend for the mass of hydrogen yielded per
kJ of reductant against the energy of reductant injected is shown in Figure 5.7. As the
reductant injection increased, the mass of H2 yielded per kJ of reductant injected
decreased for both n-butanol and diesel. This was contrary to the 3% exhaust oxygen
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concentration tests, when the mass of H2 produced per kJ of reductant increased with
reductant injection. Initially, at low quantity reductant injections, it appeared that nbutanol was almost 50% more efficient at generating H2 compared to diesel, even though
the mass of H2 produced was less than 30% greater for n-butanol than diesel. Although
the mass of H2 produced per kJ of reductant reduced with increasing reductant injection
for both diesel and n-butanol, n-butanol was almost 50% more effective in production of
H2, even with a lower total energy injection. This also includes the H2 yielded from the

Mass of H2 Yield per kJ of
Reductant (mg/kJ)

WGS reaction.
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Figure 5.7 – H2 Yield per kJ of Diesel and n-Butanol (0% Exhaust O2)
5.3

Summary of Hydrogen Generation Test Results
Table 5.2 and Table 5.3 show the overall H2 reforming test results, for the 3%

oxygen and 0% oxygen concentration tests, respectively, while Figure 5.8 shows the total
mass of H2 for tests 6 through 9, respectively. Comparing the 3% O2 concentration and
0% O2 concentration experimental results, it was observed that with no oxygen, n-butanol
and diesel yielded much higher H2 concentrations at identical conditions to the 3% O2
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concentration. One major reason for this was the addition of CO. Preliminary
experiments showed that without reductant injection, CO and H2O reacted to produce a
peak H2 concentration of 8000 ppm totalling about 12 mg of H2. Diesel injection at 0%
O2 did not significantly contribute to H2 production. It was also observed that the CO
emissions downstream of the LNT were at a higher concentration with n-butanol than
with diesel. CO is a product of the steam reforming reaction, and thus a higher
concentration of CO may signify effective steam reforming of n-butanol.
Table 5.2 – Hydrogen Reforming Results at 3% Exhaust O2
Reductant

Diesel
Diesel
Diesel
Diesel
n-Butanol
n-Butanol
n-Butanol
n-Butanol

Mass of
Reductant
Injected
0.2 g
0.6 g
1.3 g
2.4 g
0.2 g
0.6 g
1.3 g
2.4 g

Energy of
Reductant
Injected
8.6 kJ
25.8 kJ
55.9 kJ
103.2 kJ
6.9 kJ
19.8 kJ
42.9 kJ
79.2 kJ

Peak H2
Concentration
0 ppm
550 ppm
3150 ppm
3200 ppm
340 ppm
1870 ppm
11500 ppm
17500 ppm

Mass of
H2
Produced
0 mg
0.22 mg
1.45 mg
1.9 mg
0.27 mg
1.3 mg
10.4 mg
16.4 mg

Max
Temp
430°C
530°C
560°C
560°C
400°C
465°C
530°C
540°C

Table 5.3 – Hydrogen Reforming Results at 0% Exhaust O2
Reductant

Diesel
Diesel
Diesel
Diesel
n-Butanol
n-Butanol
n-Butanol
n-Butanol

Mass of
Reductant
Injected
0.2 g
0.6 g
1.3 g
2.4 g
0.2 g
0.6 g
1.3 g
2.4 g

Energy of
Reductant
Injected
8.6 kJ
25.8 kJ
55.9 kJ
103.2 kJ
6.9 kJ
19.8 kJ
42.9 kJ
79.2 kJ
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Peak H2
Concentration
8070 ppm
8300 ppm
8500 ppm
8000 ppm
5600 ppm
9000 ppm
13700 ppm
16700 ppm

Mass of
H2
Produced
10.7 mg
12.3 mg
16.0 mg
11.8 mg
13.0 mg
16.0 mg
23.0 mg
30. mg

Max
Temp
350°C
350°C
350°C
350°C
350°C
350°C
350°C
350°C
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Figure 5.8 – Summary of Mass of H2 Yielded for Tests 6-9
It was noticed that for the 3% O2 tests, more CO2 was measured downstream of
the LNT during diesel reforming than for the n-butanol test at the same conditions. This
potentially indicates that CO2 formed during n-butanol hydrogen generation could have
reacted with methane or other light hydrocarbons in the dry reforming reaction. This
would explain the low CO2 sampled downstream of the LNT, and may also be another
reason for the greater quantity of hydrogen produced by n-butanol.
The total mass of H2 yield per kJ of reductant for tests 6 through 9 is shown in
Figure 5.9. The mass of H2 yielded from the WGS reaction in tests 8 and 9 was 12 mg. In
order to estimate the diesel or n-butanol contribution to H2 reforming, 12 mg was
subtracted from the total H2 yield of test 8 and 9, for this comparison. Thus, the mass of
H2 yield per kJ of reductant increased with reductant injection with both diesel and nbutanol at 0% and 3% exhaust oxygen concentration. Again, the highest yield of H2 per
reductant injection was observed at the 1.3 g reductant injection case for both diesel and
n-butanol.
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Figure 5.9 – Summary of Mass of H2 Yielded per kJ of Reductant for Tests 6-9
Thus, it is clear that n-butanol can potentially produce more H2 from the same
mass of reductant as diesel, at either an oxygen concentration of 3% or 0%. This
potentially means that the regeneration of an LNT through an n-butanol injection into the
exhaust compared to a diesel injection, can have a greater benefit. However, it has also
been shown that excess H2 during regeneration can result in high NH3 emissions [30, 38,
46, 48, 49, 66].
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CHAPTER 6: LNT REGENERATION EXPERIMENTAL RESULTS
This chapter focuses on the LNT regeneration experiments conducted on the
after-treatment flow bench. The conditions used for the regeneration experiments are
outlined in Table 6.1, and are similar to the hydrogen generation experiment conditions.
The main purpose of the regeneration experiments was to compare the release and
reduction of NOx from n-butanol and diesel regeneration at different exhaust oxygen
concentrations and reductant quantities. The flow bench schematic was given in Figure
3.4.
Table 6.1 – LNT Regeneration Test Conditions
Test Reductant

10

Diesel

11

n-Butanol

12

Diesel

13

n-Butanol

LNT
NOx
Temp Stored
(°C)
350
350
350
350
350
350
350
350
350
350
350
350
350
350
350
350

(g)
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Hourly
Space
Velocity
(hr-1)
45,000
45,000
45,000
45,000
45,000
45,000
45,000
45,000
50,000
50,000
50,000
50,000
50,000
50,000
50,000
50,000

Total
Inj.
Time
(s)
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Reductant
Quantity

O2

H2 O

CO

(g)
0.2
0.6
1.3
2.4
0.2
0.6
1.3
2.4
0.2
0.6
1.3
2.4
0.2
0.6
1.3
2.4

(%)
3
3
3
3
3
3
3
3
0
0
0
0
0
0
0
0

(%)
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

(%)
0
0
0
0
0
0
0
0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

In conventional LNT operations, the regeneration phase is followed immediately
by an adsorption period, which is again followed by a regeneration period, and so on. For
these experiments, a purge period, using only 1.5% CO, 6% H2O, and balance N2, was
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added following LNT regeneration. This added purge period was used to release any NOx
still remaining on the LNT after the regeneration. A high NOx release during the purge
period would indicate that the regeneration was ineffective.
6.1

LNT Regeneration with 3% Exhaust Oxygen
Each regeneration of the LNT was conducted at steady state conditions, and only

the quantity and type of reductant was altered. In order to fairly compare the use of nbutanol and diesel, the same quantity of NOx was loaded onto the LNT catalyst prior to
the regeneration. Preliminary tests showed that the regeneration of the LNT was fairly
independent of the NOx adsorption period, as long as the quantity of NOx stored on the
LNT was maintained constant. In order to reduce the overall test time, a nominal inlet
NOx concentration of around 200 ppm was used for each test until 0.2 g of NOx (0.85g/L
of catalyst) was stored on the LNT. This resulted in an adsorption time of about 5
minutes. This was consistent with the adsorption tests discussed in Chapter 3. During
adsorption, only air and NO were used.
An average LNT temperature of 350°C was maintained throughout the adsorption
period. Once 0.2 g of NOx was stored on the catalyst, the NO feed gas was shut off, and
the regeneration mode was enabled. Similar to the hydrogen generation tests, two
different regeneration conditions were applied. Each test compared the effect of the
reductant quantity on the regeneration of the LNT. The rich condition used for
regeneration tests 10 and 11 was achieved with an air flow rate of 10 L/min, with a
balance of N2 gas to create an exhaust oxygen concentration of around 3%. Once the
conditions were stable, a water injection was initiated to produce an H2O concentration of
6%. The water injection was upstream of the DOC and the LNT. These exhaust
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conditions produced an LNT HSV of about 45,000 hr-1. Test 10 featured four separate
diesel regenerations that provided four different oxygen-based λ values (1.6, 0.6, 0.3, and
0.2). Test 11 featured four separate n-butanol regenerations that provided four different
oxygen-based λ values (2.3, 0.9, 0.4, and 0.2). The same quantity of reductant of diesel
and n-butanol resulted in different λ values because diesel and n-butanol have different
chemical compositions.
Gas sampling was available both upstream and downstream of the LNT. The
downstream sampling was fed to the CAI analyzers and to the FTIR. The FTIR was used
to measure NO, NO2, various light hydrocarbon species, N2O, and NH3. Although the
release and reduction of NOx occurs simultaneously during LNT regeneration, these next
two subsections will observe these processes separately.
6.1.1

Release of NOx
In order to activate the regeneration of the LNT, a low pressure reductant

injection was utilized upstream of the LNT catalyst while a simultaneous low pressure
water injection was employed upstream of the DOC catalyst. As the reductant was
introduced, it began to oxidize due to the oxygen present in the exhaust flow. This in turn
created an oxygen depleted rich regeneration front that propagated through the LNT
catalyst, increasing the temperature. It has been demonstrated that the quantity of NOx
slip increases with increasing temperature [30]. This potentially means that if too much
reductant is injected into an oxygen rich exhaust, a greater quantity of NOx may be
released unconverted, from the LNT. At the initiation of the regeneration, a high increase
in NOx slip downstream of the catalyst was observed.

66

CH 6: LNT REGENERATION EXPERIMENTAL RESULTS

The peak NOx slip concentration during the regeneration relative to the reductant
injection quantity is given in Figure 6.1. Initially, at the lowest reductant injection, the
concentration of NOx slip was less than 60 ppm for the diesel regeneration. Since the
mixture was still lean, and only a small portion of reductant was injected, the temperature
did not significantly increase, thereby only releasing a small portion of NOx. The nbutanol regeneration resulted in a significantly higher peak concentration of NOx slip
during the leanest regeneration, although it was still fairly low at only 140 ppm. This
higher concentration may potentially be due to the higher H2 concentration produced
from n-butanol regeneration, as shown in Figure 5.2. For the diesel reductant
regeneration tests, as the diesel injection increased, the peak NOx concentration
downstream of the catalyst increased, reaching a maximum of 370 ppm at the second
richest regeneration tested. The NOx slip then reduced below 150 ppm for the final
richest condition tested. This same trend was realized for the n-butanol regeneration;
however, the NOx slip was higher than that with diesel, and had a lower variation, with
only a 14% increase in NOx slip from the 0.6 g to 1.3 g regeneration, while diesel showed
over a 50% increase in NOx slip for the same increase in reductant. One potential reason
for this higher concentration of NOx release with n-butanol regeneration is the oxygen
content of n-butanol. n-Butanol contains 21.6% oxygen by mass compared to diesel
which has 0% oxygen, which could potentially reduce the efficiency of the conversion of
NOx.
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Figure 6.1 – Peak NOx Slip During LNT Regeneration (3% Exhaust O2)
Although the reductant was injected for 30 seconds, the release of NOx generally
began at the onset of the injection, and reduced to zero after about 10-20 seconds. The
duration of NOx release varied for each regeneration, indicating that a higher peak of NOx
slip may not necessarily be associated with a higher total quantity of NOx slip released
during regeneration. Figure 6.2 shows the total percentage of NOx stored which was
released during the regeneration on a mass basis. Although each regeneration had a fairly
high peak concentration of NOx slip, the total quantity of NOx slip never exceeded 5% of
the total quantity of NOx stored. The leanest regeneration showed the lowest quantity of
NOx slip, with both diesel and n-butanol releasing less than 0.7% of the total NOx during
regeneration.
As the reductant quantity injected per regeneration increased, the concentration
was driven to richer conditions, and the total NOx slip decreased for both diesel and nbutanol regeneration. The highest total NOx slip occurred at the regeneration closest to a
stoichiometric mixture, for both diesel (O2-based λ = 0.6) and n-butanol (O2-based λ =
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0.9). The lowest total NOx slip, besides the lean regeneration, occurred at the richest
regeneration. Throughout the reductant quantity sweep, the diesel regeneration showed a
higher total NOx slip than n-butanol. A low release of NOx during regeneration can
indicate that the NOx on the LNT was effectively reduced, or that the NOx is still stored

NOx Slip Regeneration per
Mass of NOx Stored (%)
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Figure 6.2 – NOx Slip per Mass of NOx Stored LNT Regeneration (3% Exhaust O2)
Following each regeneration, a purge period was conducted. This was used in
order to determine the quantity of NOx remaining on the catalyst, following regeneration.
An example of the inlet and outlet NOx concentration throughout the entire process is
shown with diesel regeneration in Figure 6.3 and with n-butanol regeneration in Figure
6.4. This example shows the NOx loading period, the LNT regeneration period, and also
the CO and H2O purge. It may be noted that although the peak NOx slip was higher for
the n-butanol regeneration, the duration of the n-butanol release was slightly shorter than
the diesel regeneration. This is the reason for the similar total quantity of NO x slip as
shown in Figure 6.2. As for the purge, a lower total NOx slip during the purge indicates
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that the regeneration was more effective, or less NOx remained on the catalyst following
regeneration. Similar to the regeneration, however, a lower peak concentration of NOx
slip does not necessarily coincide with a lower total quantity of NOx slip.
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Figure 6.3 – NOx During Adsorption, Diesel Regeneration, and Purge
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Figure 6.4 – NOx During Adsorption, n-Butanol Regeneration, and Purge
The total cumulative mass of the inlet and outlet NOx throughout the entire
process is shown with diesel regeneration in Figure 6.5 and n-butanol regeneration in
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Figure 6.6. The cumulative mass of NOx released during the purge was significantly
higher (over 60%) following the diesel regeneration of 2.4 g than following the n-butanol
regeneration of 2.4 g. This indicates that the diesel regeneration was less effective at

Cumulative Mass of NOx (g)

removing NOx from the LNT than the n-butanol regeneration.
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Figure 6.5 – Mass of NOx During Adsorption, Diesel Regeneration, and Purge
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Figure 6.6 –Mass of NOx During Adsorption, n-Butanol Regeneration, and Purge
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The difference between the cumulative mass of NOx stored, and the cumulative
mass of NOx released during the purge, divided by the cumulative mass of NOx stored is
defined as the regeneration effectiveness (Equation 6.1)
Regeneration Effectiveness

mNOx stored

mNOx released
mNOx stored

(Equation 6.1)

For a regeneration to have 100% regeneration effectiveness, the regeneration must
not leave any NOx remaining on the catalyst. The effectiveness of the regeneration does
not take into account the conversion of NOx, meaning a very high cumulative mass of
NOx released during regeneration can still be quantified as an effective regeneration if the
mass of NOx released during the purge is low.
The regeneration effectiveness of both diesel and n-butanol regeneration is shown
in Figure 6.7. The leanest regeneration was the most effective at over 95%. However,
although the regeneration did not release significant NOx, it was likely that a portion of
the NOx was adsorbed towards the rear of the LNT. As the reductant injection increased,
initially both n-butanol and diesel were not very effective at regenerating the LNT, only
about 76% effective with n-butanol and 71% with diesel. As the gas became richer with a
greater injected reductant quantity, the regeneration was more effective. The greatest
reductant injection was also the most effective, besides the lean regeneration; over 91%
effective with n-butanol and 85% effective with diesel. Each regeneration proved that nbutanol was more effective at regenerating the LNT than diesel for the given test
conditions, except for the leanest regeneration test case where the regeneration
effectiveness of diesel and n-butanol was similar.
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Figure 6.7 – Regeneration Effectiveness (3% Exhaust O2)
Therefore, both the diesel and n-butanol LNT regeneration proved to effectively
release NOx, and the effectiveness appeared to increase with increasing injected reductant
quantity. Although, the leanest regeneration tested regenerated the LNT effectively,
preliminary investigations determined that the NOx storage capacity of the LNT
decreased during adsorption periods following regenerations where minimal H2 was
formed. Thus without the added purge, the lean regeneration condition had an adverse
effect on the storage period.
6.1.2

Reduction of NOx
The effectiveness of regeneration in terms of how well the regeneration cleared

the LNT for a subsequent adsorption cycle has been shown. However, the efficiency of
conversion of NOx into N2 has not been discussed. The N2O and NH3 emissions were
measured during tests 10 and 11 with an FTIR analyzer. The chemical mechanism of the
NOx reduction in an LNT was discussed in Chapter 2. It was mentioned that the initial
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peaks of NOx and N2O were observed at the beginning of regeneration, while NH3 was
released later. This trend was observed in the regeneration of the LNT with diesel as
shown in Figure 6.8. The same trend was observed regardless of the type of reductant, or
quantity of reductant injected, although the concentrations were different.
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Figure 6.8 – NOx, N2O, and NH3 Emissions During Regeneration with Diesel
Since N2 emissions were not directly measured for this study, the difference
between the total quantity of NOx stored, and the total quantity of N-containing products
released during the regeneration and purge was assumed to be N2. NH3 and N2O were not
released during the purge period. This was expected since no diesel or n-butanol was
used, and the conversion of NOx was very low, indicating that the traditional reduction
reactions may not have proceeded.
The peak concentration of N2O sampled during regeneration with n-butanol and
diesel is shown in Figure 6.9. The trend of N2O slip was somewhat similar to the
concentration of NOx release during regeneration. At low reductant quantities, the
concentration of N2O was quite low, only just above 100 ppm for both the diesel and n74
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butanol regeneration. Since, the increase in reductant quantity used for regeneration
resulted in an increase in temperature, the rate of NOx release would have increased, but
the rate of conversion may not have necessarily increased. This could explain the increase
in N2O concentration as the reductant quantity used for regeneration increased. The peak
N2O formed with n-butanol as the reductant was only slightly higher than the diesel case,
except for the richest condition where the concentration was about equal. The highest
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Figure 6.9 – Peak N2O During LNT Regeneration (3% Exhaust O2)
The amount of NH3 slip generally depends on the type and quantity of reductant
used. The peak concentration of NH3 for tests 10 and 11 is shown in Figure 6.10. The
amount of NH3 slip increased as the quantity of reductant increased; however, the peak
NH3 released during n-butanol regeneration was significantly higher than with diesel
regeneration. The highest concentration of NH3 occurred during the richest n-butanol
regeneration, and amounted to a concentration of 530 ppm, while the highest NH3
concentration during diesel regeneration also occurred at the richest diesel regeneration,
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with a concentration of about 120 ppm. The hydrogen generation results of Chapter 5
showed that n-butanol produced more H2 than diesel for the same injected reductant
quantity. The greater H2 yield of n-butanol could explain the high peak in NH3 formed for

Peak NH3 Concentration
(ppm)

the n-butanol regeneration compared to the diesel regeneration.
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Figure 6.10 – Peak NH3 During LNT Regeneration (3% Exhaust O2)
Although NH3 is generally unfavourable, it can be relatively easily reduced with
the use of an ammonia slip catalyst. Also, the use of an SCR downstream of the LNT
could potentially utilize the NH3 to further reduce NOx. The use of an LNT and SCR in
series has been studied extensively [66-69].
In order to determine the conversion efficiency of the LNT during each
regeneration, all nitrogen containing products formed during regeneration must be
considered. This will be defined as the selectivity to N2 (Equation 6.2). Since the main
focus was to observe the conversion during the regeneration, the NOx released during the
purge is directly subtracted from the NOx stored. Therefore the cumulative NOx stored is
represented by [N]in, while the cumulative N2O, NH3 and NOx slip are signified as [N2O],
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[NH3], and [NOx]slip, respectively. Since this equation is calculated on a molar basis, the
quantity of N2O is doubled to account for two N-atoms per molecule.
N2 Selectivity

[N in - 2N2 O + NH3 + NOx slip
[N in

(Equation 6.2)

The selectivity to N2 for each regeneration is compared in Figure 6.11. At the
leanest regeneration, the highest selectivity to N2 was achieved for both diesel and nbutanol. As the regeneration became richer, the diesel and n-butanol regeneration
selectivity to N2 initially decreased, then increased as the reductant quantity increased.
The selectivity to N2 with n-butanol as a reductant was consistently higher than with
diesel as a reductant, although only slightly, except for the leanest regeneration. The
richest regeneration tested achieved a selectivity to N2 of 89% for n-butanol, and 87% for
diesel.
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Figure 6.11 – Selectivity to N2 (3% Exhaust O2)
Thus it was apparent that the use of n-butanol as a reductant was highly effective
in the conversion of NOx into N2 during LNT regeneration at an oxygen concentration of
3%.
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6.2

LNT Regeneration with 0% Exhaust Oxygen
To ensure that the entirety of reductant added during regeneration was used for

LNT regeneration, an oxygen-free environment was utilized during regeneration for test
12 and test 13. This eliminated the potentially unnecessary oxidation of reductant, and
allowed for observation into the exothermic nature of LNT regeneration. The specific
testing conditions for tests 12 and 13 are listed in Table 6.1. Prior to regeneration, the
LNT was loaded with 0.2 g of NOx through a 5 minute adsorption period of 200 ppm NO
and air at 350°C. To initiate regeneration of the LNT, the NO feed gas and air supply
were shut off, and 1.5% CO and N2 balance were supplied to the flow bench, producing
an HSV of 50,000 hr-1. The amount of diesel or n-butanol reductant supplied was swept
from 0.2 g to 2.4 g per regeneration, similar to the 3% O2 regeneration tests. The purge
period concentration following regeneration was maintained the same as in tests 10 and
11, with 6% H2O, 1.5% CO and balance N2. The purpose of the purge was to release any
NOx still remaining on the LNT following regeneration. After the purge period, an air and
NO mixture was introduced into the flow bench allowing for NOx adsorption to begin
again.
The gas downstream of the LNT was sampled throughout the regeneration and
purge period. The CAI analyzers and FTIR were utilized for determining the
concentration of various N-containing species, light HCs, CO, CO2, and O2. The
emissions measured during the regeneration and purge allowed for analysis and
quantification of the release and reduction of NOx during LNT regeneration with diesel or
n-butanol as a reductant.
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6.2.1

Release of NOx
It was previously mentioned that the release of NOx is accelerated by an increase

in temperature, since the stability of Ba(NO3)2 sites decreases. With the absence of
oxygen, the reductant used for regeneration did not oxidize, and therefore no significant
temperature increase was realized. It has been hypothesized that a lack of oxygen
decreases the stability of nitrate species and can trigger the release of NO x, however, in
the experiments conducted for this study, no NOx release was realized upon transition
into rich conditions. In Chapter 5, under the same regeneration conditions of tests 9 and
10 without stored NOx, hydrogen was generated in abundance with both diesel and nbutanol. Thus, the formation of H2, as well as the decomposition of diesel or n-butanol
into lighter hydrocarbons appeared to be the main cause of NOx release during
regeneration with a lack of oxygen.
The peak concentration of NOx released during regeneration with diesel or nbutanol is given in Figure 6.12. The concentration of NOx slip during regeneration with
n-butanol appeared to directly depend on the amount of reductant used. The
concentration of NOx slip increased with increasing n-butanol injection, reaching a
maximum NOx concentration of 1200 ppm at the richest regeneration condition. The
diesel regeneration, however, did not appear to follow a trend in terms of the peak
concentration of NOx released relative to the total amount of reductant injected. The peak
NOx slip occurred during the 0.6 g diesel injection, with a value of almost 700 ppm.
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Figure 6.12 – Peak NOx Slip During LNT Regeneration (0% Exhaust O2)
Since the NOx release occurred over a very short period of time for each
regeneration, similar to tests 10 and 11, the peak concentration was not necessarily a true
representation of the total amount of NOx released. Instead, the mass of NOx slip per total
NOx stored can be observed in Figure 6.13. At the lowest reductant quantity, the diesel
regeneration released a slightly higher quantity of NOx relative to the quantity of NOx
stored on the LNT. However, as the reductant quantity increased, the n-butanol
regeneration released a much higher quantity of NOx compared to the diesel regeneration
at the same reductant quantity. The highest NOx release for both diesel and n-butanol
occurred at the 0.6 g regeneration. This coincided with the highest peak concentration of
NOx released during diesel regeneration; however it was not the highest peak
concentration of NOx released during n-butanol regeneration.
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Figure 6.13 – NOx Slip per Mass of NOx Stored LNT Regeneration (0% Exhaust O2)
The purge period following each regeneration at 0% oxygen showed minimal
NOx release. The peak NOx slip concentration during the purge did not exceed 100 ppm
for any purge following diesel or n-butanol regeneration. The NOx released during purge
per gram of NOx stored is shown in Figure 6.14. Less than 2% of the total NOx stored
remained on the catalyst following each of the n-butanol or diesel regenerations.
However, it is clear that with the increase of reductant quantity, the diesel regeneration
was more effective at regenerating the LNT. There was no apparent NOx release
following the greatest quantity of diesel regeneration. This indicates that the regeneration
was nearly 100% effective. The purge following n-butanol regeneration released a
slightly higher quantity of NOx than the purge following diesel regeneration, except at the
lowest reductant quantity where the regeneration left about the same quantity of NOx on
the LNT. Again, the highest reductant quantity regeneration of n-butanol appeared to be
the most effective, resulting in the lowest release of NOx during purge.
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Figure 6.14 – NOx Slip Per Mass of NOx Stored LNT Purge (0% Exhaust O2)
The regeneration effectiveness of each case is given in Figure 6.15. The
effectiveness of each diesel and n-butanol regeneration was greater than 98%. The diesel
regeneration was slightly more effective than the n-butanol regeneration at the same
reductant quantity. This can potentially be attributed to the oxygen content of n-butanol.
Although the majority of NOx released during regeneration was NO with both diesel and
n-butanol, the n-butanol regeneration released a slightly higher amount of NO2. Thus, the
oxygen content of n-butanol could have oxidized NO to NO2, which may have assisted
adsorption further downstream in the LNT.
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Figure 6.15 – Regeneration Effectiveness (0% Exhaust O2)
6.2.2

Reduction of NOx
The concentration of oxygen in the exhaust flow during regeneration can

influence the release of NOx as well as the reduction of NOx. The formation of N2O and
NH3 during regeneration of the LNT followed a similar trend to that shown in Figure 6.8.
The peak N2O and NH3 concentrations during regeneration are shown in Figure 6.16 and
Figure 6.17, respectively.
The peak concentration of N2O slip and NH3 released during n-butanol
regeneration appeared to be largely influenced by the quantity of reductant injection. As
the quantity of n-butanol injection increased, so did the peak N2O and NH3 concentration.
This relationship was also true for the total mass of NH3 formed. As for the diesel
regeneration, the concentration of N2O and NH3 appeared fairly constant regardless of the
quantity of reductant.
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Figure 6.16 – Peak N2O During LNT Regeneration (0% Exhaust O2)
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Figure 6.17 – Peak NH3 During LNT Regeneration (0% Exhaust O2)
The selectivity to N2 for diesel and n-butanol regeneration conducted at 0% O2 is
given in Figure 6.18. The selectivity to N2 with regeneration using diesel, was higher than
regeneration using n-butanol, except for the lowest reductant quantity regeneration. The
diesel selectivity to N2 remained relatively constant, with a peak of 84% and the lowest
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selectivity to N2 being about 82% at the lowest reductant quantity. The n-butanol
regeneration selectivity to N2, however, decreased with increasing reductant injection.
This was attributed to the high amount of N2O and NH3 formed during regeneration with
n-butanol, as well as the slightly higher NOx release with n-butanol. This could be
attributed to the significantly higher H2 generated with n-butanol compared to diesel.
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Figure 6.18 – Selectivity to N2 (0% Exhaust O2)
Thus, diesel was much more effective in the conversion of NOx into N2, than nbutanol, during 0% O2 LNT regeneration. However, at the lowest reductant quantity
regeneration, n-butanol regeneration resulted in over 90% selectivity to N 2, while diesel
regeneration resulted in less than 85% selectivity to N2.
6.3

Summary of LNT Regeneration Test Results
The effectiveness of regeneration for both the 3% O2 regeneration tests and the

0% O2 regeneration tests is shown in Figure 6.19. n-Butanol proved to be slightly more
effective in regenerating the LNT at 3% O2, although, both the regeneration effectiveness
with diesel and n-butanol initially decreased, then subsequently increased with the
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reductant injection. For the 0% O2 regeneration tests, the diesel and n-butanol
regeneration was very effective and relatively independent of the quantity of reductant.
Diesel was slightly more effective in regenerating the LNT, however, n-butanol was over
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Figure 6.19 – Regeneration Effectiveness at 0% and 3% Exhaust O2
Comparing the regenerations conducted at 0% O2 concentration and 3% O2
concentration, the conversion of NOx to N2 was much more efficient with the presence of
oxygen. Even though oxygen can contribute to the formation of N2O from NH3, the
selectivity to both N2O (Equation 6.3) and NH3 (Equation 6.4) during regeneration was
higher for both diesel and n-butanol regeneration at an O2 concentration of 0%.
N2 O Selectivity

2[N O regeneration
[N in

(Equation 6.3)

NH3 Selectivity

[NH3 regeneration
[N in

(Equation 6.4)

The selectivity to N2O is shown in Figure 6.20. The N2O formed was quite low
for both n-butanol and diesel at the lowest reductant quantity of regeneration, at both 3%
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and 0% O2. An increase in the N2O was then noticed as the regeneration reductant
quantity increased to 0.6 g. The total N2O formed then remained relatively constant as the
reductant quantity increased further, for all cases. The 0% O2 regeneration with n-butanol
resulted in a higher selectivity to N2O than all other cases, when the amount of reductant
was 0.6 g or greater. For the 3% O2 tests, the N2O selectivity was relatively similar with
diesel and n-butanol as the reductant, although slightly higher during the diesel
regeneration.
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Figure 6.20 – Selectivity to N2O at 0% and 3% Exhaust O2
The selectivity to NH3 is shown in Figure 6.21. The 0.2 and 0.6 g of reductant
regeneration did not produce a high quantity of NH3 for both diesel and n-butanol
regeneration at 0% and 3% O2 concentration. As the regeneration reductant quantity
increased to 1.3 g however, the quantity of NH3 formed increased substantially (as much
as double). Finally the NH3 remained relatively constant as the regeneration reductant
quantity increased to 2.4 g. n-Butanol as a reductant for regeneration in the absence of
oxygen resulted in a significantly higher selectivity to NH3. The greatest reductant
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regeneration of n-butanol at a 0% O2 concentration, resulted in 9% selectivity to NH3,
while for every other case, the selectivity to NH3 was below 6%.
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Figure 6.21 – Selectivity to NH3 at 0% and 3% Exhaust O2
6.4

Fuel Penalty Analysis
Since the main purpose of the long breathing strategy is to reduce NOx emissions

while also minimizing the fuel penalty associated with an LNT, a comparison of the fuel
penalty of a conventional diesel LNT, a low NOx diesel LNT, and an n-butanol long
breathing LNT was conducted. The parameters of each LNT operational strategy are
outlined in the following subsections. The fuel penalty associated with the LNT was
determined by Equation 6.5 [52].
Fuel Penalty

Fuel Regeneration kJ h
Engine Fuel kJ h - Fuel Regeneration kJ h
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6.4.1

Conventional Strategy
The operation of a conventional LNT is largely reliant on driving conditions.

Rather than implementing a set time for lean adsorption and rich regeneration,
conventional LNTs often apply an adaptive control strategy. This is due to the largely
fluctuating exhaust temperatures and engine-out NOx emissions generally observed
during conventional diesel combustion. For this study, a fairly modest mid-load engineout NOx emission value of 750 ppm, coinciding with a low EGR level at an engine load
of 10 bar, was assumed. Adsorption tests reported in Chapter 4 that an adsorption time of
about one minute 20 seconds would thus be required, resulting in approximately 40
regenerations per hour. If a 10 second injection of 0.8 g of diesel (equivalent to a 30
second injection of 2.4 g of fuel) is used for regeneration, the total fuel consumption of
the LNT amounts to 32 g of diesel fuel per hour, or over 1300 kJ of lost fuel energy per
hour. This amounts to a total fuel penalty of around 3.15% for this research engine at the
targeted conditions. This fuel penalty value is in agreement with literature [52, 70].
6.4.2

Diesel LNT with Moderate EGR
Engine-out NOx emissions can be reduced by applying EGR. At medium load, DI

diesel combustion was able to reduce NOx emissions below 100 ppm, however, PM
emission levels were often quite high. In Chapter 4, it was determined that the lowest
achievable engine-out NOx emission concentration was around 200 ppm before the DPF
filtration efficiency would need to increase. According to adsorption flow bench tests,
this amounted to an adsorption time of around 5 minutes 45 seconds, resulting in about
10 regenerations per hour at 30 seconds per regeneration. Assuming a mass of 2.4 g of
diesel fuel is used for regeneration, the total fuel consumption of the LNT amounts to
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26.4 g of diesel fuel per hour, or a loss of over 1000 kJ of fuel energy. This amounts to a
total fuel penalty of about 2.11% for this research engine at the targeted conditions.
6.4.3

n-Butanol Long Breathing LNT
With DI n-butanol combustion, the application of EGR can reduce engine-out

NOx emissions, without a significant increase in PM emissions. Engine test results in
Chapter 4 showed that at a medium engine load of 10 bar, engine-out NOx emissions
were successfully reduced below 100 ppm with the application of EGR. Adsorption flow
bench tests showed that with a NOx inlet concentration of 60 ppm, the adsorption time
exceeded 18 minutes, resulting in a total of about three 30 second regenerations per hour.
Assuming a mass of 2.4 g of n-butanol fuel is used for regeneration, the total fuel
consumption of the LNT amounts to 7.2 g of n-butanol fuel per hour. This amounts to an
LNT energy consumption of about 240 kJ per hour and a fuel penalty of 0.39% for this
research engine at the targeted conditions.
The total fuel penalty of each strategy is given in Table 6.2. Thus for the given
test conditions, the long breathing LNT is able to significantly reduce the fuel penalty
associated with NOx reduction in an LNT, and can potentially be a viable option for NOx
reduction in heavy-duty CI engines.
Table 6.2 – Fuel Penalty Analysis of Various LNT Strategies
Strategy

Conventional
LNT
Low NOx
Diesel LNT
Long
Breathing nButanol LNT

Engine-Out
NOx
(ppm)

IMEP

Regenerations
per hour

LNT Energy
Consumption
(kJ/hr)

LNT
Penalty
(%)

750

10

40

1376

3.15

200

10

11

1032

2.11

60

10

3

238

0.39

(bar)
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CHAPTER 7: CONCLUDING REMARKS
7.1

Summary of Results
The use of n-butanol for a long breathing LNT strategy was investigated in this

study. The main areas of investigation were: n-butanol direct injection engine
experiments to determine the suitable operating region for long breathing LNT strategy
(i.e. 100 pm of NOx and 0.036 g/kW·hr of PM), the adsorption characteristics of the
selected LNT under long breathing operation, LNT hydrogen reforming with n-butanol,
and regeneration of an LNT with n-butanol as a reductant. The experiments were
conducted separately using an engine test bench, and an after-treatment flow bench. The
results were divided into three parts, and are summarized below.
Long breathing LNT enabling and adsorption tests:


At low load, DI n-butanol combustion produced low engine-out NOx and PM
emissions suitable for the long breathing strategy; while the low load diesel
engine test required EGR to lower the exhaust NOx to long breathing LNT
conditions.



At medium load, for the conditions tested, the tested diesel engine was not able to
achieve low engine-out NOx and PM emissions simultaneously, which was not
suitable for the long breathing LNT strategy. Medium load DI double shot nbutanol required EGR to reduce NOx emissions in order to use the long breathing
LNT strategy, while PM emissions remained ultra-low.



The LNT storage experiments were conducted on an off-engine after-treatment
flow bench. The NOx adsorption time was increased substantially when the
concentration of inlet NOx was decreased. An adsorption time of over 11 minutes
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was observed with an inlet NOx concentration of 100 ppm, and an adsorption time
of over 18 minutes was reached when the inlet NOx concentration was reduced to
around 60 ppm.


The total NOx slip downstream of the LNT decreased as the concentration of feed
NOx decreased, even though the period of NOx slip was longer. Moreover the
storage efficiency was enhanced when the NOx inlet concentration was reduced.
A storage efficiency of over 99% was achieved at a NOx inlet concentration of 60
ppm.

LNT hydrogen reforming tests on the after-treatment flow bench:


At 3% O2 concentration, n-butanol produced a greater mass of H2 compared to the
same reductant injection of diesel. With both diesel and n-butanol, the mass of H2
generated increased, with increasing reductant injection. The mass of hydrogen
produced per kJ of reductant reached a peak at the second richest reductant
mixture tested with a reductant quantity of 1.3 g. n-Butanol produced a higher
mass of H2 compared to diesel, even though a lower total energy was injected due
to the lower heating value of n-butanol.



At 0% O2 concentration, n-butanol produced a greater mass of H2 compared to the
same injection of diesel. At the lowest reductant injection, diesel resulted in a
higher peak H2 yield than n-butanol. The mass of H2 produced per kJ of reductant,
decreased with increasing reductant injection, however the magnitude was greater
with n-butanol.
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LNT regeneration tests on the after-treatment flow bench:


n-Butanol typically released a higher peak concentration of NOx during
regeneration, however the total mass of NOx slip during regeneration was lower
compared with diesel, for the 3% O2 regeneration.



The 3% O2 regeneration was typically more effective for n-butanol with a
regeneration effectiveness of 91% with 2.4 grams of reductant injected, while
diesel had a regeneration effectiveness of 85% at the same reductant quantity.



n-Butanol regeneration resulted in a significantly greater quantity of NH3 slip,
although it still produced a slightly higher selectivity to N2 than diesel
regeneration, with the richest regeneration achieving a selectivity to N2 of 89%,
compared to 87% for diesel.



At an O2 concentration of 0%, the amount of NOx released during regeneration
was higher with n-butanol than diesel. Each reductant quantity tested was over
98% effective in regenerating the LNT.



n-Butanol had a lower selectivity to N2 compared to diesel, due to the higher
amount of NH3 and N2O produced during n-butanol regeneration, which was
potentially associated with the higher H2 yield of n-butanol.



Selectivity to N2 was greater when oxygen was present in the exhaust flow for
both n-butanol and diesel regeneration.
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7.2

Recommended Future Work

The following investigations are recommended for future work related to this research:


The use of EGR with DI n-butanol in a CI engine at high engine loads, i.e. above
12 bar IMEP should be investigated so as to determine whether the long breathing
LNT exhaust conditions can be achieved at higher loads with n-butanol fuel.



Regeneration of an LNT with n-butanol should be tested with more conditions,
such as various temperature ranges, greater reductant quantities, shorter or longer
regeneration durations, as well as gasoline and n-butanol blends, for lean burn SI
engines in order to further validate its potential for future vehicles.



A combination after-treatment system featuring an SCR downstream of a long
breathing n-butanol LNT should be investigated for ultra-low NOx emissions, and
utilization of the NH3 produced from n-butanol regeneration.



Various alternative fuels such as ethanol, and biodiesel are of interest for future
ICEs and therefore, their use as a reductant for LNT regeneration should be
investigated.



The use of an LNT should be investigated directly on an n-butanol CI engine
exhaust system, for a more thorough assessment on its feasibility.
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APPENDIX A: GAS MIXER OPERATION
The gas mixer used for this study was an Environics Series 2000 MultiComponent Gas Mixer. Each of the six ports of the gas mixer features an industry
standard mass flow controller (MFC) device, which can accurately control the mass flow
of each gas. These MFCs operate on a closed loop system which measures the thermal
loss of a cross section to the gas flowing through the individual MFCs. The MFC rating
for each port is given in Table A.1. Each port was calibrated with a different gas in order
to determine the maximum error in measurement, for each port. The calibration curve for
port 1 is given in Figure A.1.
Table A.1 – Gas Mixer Port Specifications
Port
1
2
3
4
5
6

Calibrated Gas
N2
O2
CO2
C3H6
CO
NO

Maximum Flow Rate
350 L/min
120 L/min
90 L/min
30 L/min
30 L/min
15 L/min

Figure A.1 – Port 1 Calibration Curve
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The tests conducted in this study only utilized the first port of the gas mixer in
order to accurately control the flow of balance air through the after-treatment flow bench.
The gas mixer is shown in Figure A.2 and the front control screen is shown in Figure A.3.

Figure A.2 – Photograph of the Gas Mixer

Figure A.3 – Front Panel of the Gas Mixer
The gas mixer can be controlled through either the in-built front panel keyboard,
or via a personal computer connected through the RS-232 serial port in the back of the
gas mixer.
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For this study an open-source software implemented terminal emulation program
called “Tera Term”, was used for serial control of the gas mixer. In order to enable
communication through the RS-232, the serial communication was activated by selecting
remote mode (button F7 on the front of the gas mixer) to access the serial communication
settings screen. -Com1- was turned on, and the terminal type was set as VT100.
The terminal emulation program displayed the front display of the gas mixer, and
allowed for serial control of the 8 buttons listed as “F1 – F8” in Figure A.3. This program
allowed for two different types of communication: TCP/IP for communication through
the internet or a private network, and serial (Figure A.4).

Figure A.4 – Tera Term Connection Settings
Once the appropriate mode of communication is selected, the terminal will
display the front screen of the gas mixer, with each of the selectable button labels (Figure
A.5). The display screen font size and colour scheme can be altered through the setup
drop down menu at the top of the window.
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Figure A.5 – Gas Mixer Main Menu
The eight buttons on the front panel of the gas mixer can be triggered by pressing
the “F” key on the computer keyboard, followed by the key “1” to “8” for the number
button that is to be selected (i.e. 1 – 8 moving left to right).
Although each port was calibrated for specific gases, the gas entering each port
can be changed according to the user’s requirements. The use of lighter gases such as H2,
or helium (He), however, require special MFCs not found on the standard Series 2000 gas
mixer. In order to alter the gases for each port, “maintain ports” must be selected. To
select maintain ports, the user must press the “F” key and the “3” key hereby signified as
F-3) on the keyboard in succession. The maintain ports screen is shown in Figure A.6.
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Figure A.6 – Gas Mixer Port Maintenance
The user can then use the arrow keys on the keyboard to select the port which
requires a different gas. By pressing F-5 (select gas) on the port that is to be changed, the
user can select a name from the system library of gases (Figure A.7). F-2 and F-3 can be
used to navigate from page to page of the system library. The user can also enter the
name of the gas manually by pressing F-3.
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Figure A.7 – Gas Mixer Gas Selection
If any of the cylinders entering the gas mixer is a blend of gases, then the
concentration of the gas specified must be input by the user. The concentration of the gas
and the type of gas used as a balance can affect the K-factor which in turn will affect the
mass flow measurement. Thus, compute K (F-1 from the maintain ports screen) should be
selected (Figure A.8). In the example shown, the gas cylinder contains 10% nitric oxide,
with balance nitrogen. If lower concentrations or more types of gas are required, the
concentration can be changed to a ppm scale (F-1), and the gas type can be selected from
the gas library by pressing F-1. The K-factor is computed by using a conversion factor
table within the gas mixer computer.
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Figure A.8 – Gas Mixer Compute K-Factor
Before operating the gas mixer, each gas must be pressurized above the minimum
specified pressure (30 psig for port 1 and 10 psig for every other port) and below the
maximum specified pressure of 100 psig for each port. The pressure at each port inlet
must be stable for proper operation of the MFCs.
The gas mixer has two main modes of operation: concentration mode and flow
mode. To select concentration mode, the user must press the F-1 key combination from
the home screen. In concentration mode the user can specify the desired concentration of
each gas using the numbers on the keyboard, in either % or ppm. During mixing the
actual output gas concentration will be displayed on the screen. Environics specifies an
accuracy of ±1.0%. To begin flow the user must press the F-1 keys, and to stop flow the
user can press the F-8 keys.
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Flow mode (F-2 from the home screen) can also be used to control the output gas
flow rate, by specifying the target flow of each port in cubic centimetres per min (CCM).
After the flow of each port is specified, the actual flow will be displayed (Figure A.9).
The flow rate can be updated periodically by entering a new desired flow rate, and
pressing F-1. If at any time, the actual flow of any port is less than 50% of the
commanded flow rate, a low flow warning message will be displayed, and all MFC will
be shut down. Again, to stop flow the F-8 keys should be pushed in succession.

Figure A.9 – Gas Mixer Flow Mode
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